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Los fenómenos de erosión, transporte y sedimentación juegan un papelmuy
importanteen relación con lasobrashidráulicasyelentornoque las rodea. La
formade estudiar estosprocesosha evolucionadomucho con eldesarrollode
modelosnuméricosde simulación,pero siguenexistiendo algunos casosen los
quelamejoropciónsiguesiendounmodeloaescaladelaboratorioconlechode
sedimentos móvil, tanto en estudios fluviales como en estudios de erosión
costera.

Recientes avances en instrumentación de laboratorio han conseguido que el
estudiode lahidrodinámica llegueaunniveldedetalle inimaginablehacepoco
tiempo,pero los instrumentosnecesariosparaobservarymedir losprocesosde
transportedesedimentosnohanalcanzadoaúnesenivel.







empleado un láser y una cámara de uso no científico para con técnicas
fotogramétricasydevisiónartificial.

El resultado finalesunagamadeherramientascapacesdemedirendosy tres
dimensiones un fondo de sedimentos para estudiar su variación en el tiempo,
capacesdeunaresoluciónespacialytemporalnoexistentehastaahorayqueno








Os fenómenos de erosión, transporte e sedimentación xogan un papel moi
importanteenrelacióncoasobrashidráulicaseoámbitoqueasrodea.Aforma
deestudarestesprocesosevolucionoumoito codesenvolvementodemodelos




Recentesavancesen instrumentaciónde laboratorio conseguironqueoestudo













Oresultado finaléunhagamade ferramentascapacesdemedirendúase tres
dimensións un fondo de sedimentos para estudar a súa variación no tempo,
capacesdunharesoluciónespacialetemporalnonexistenteataagoraequenon















Recent advances in laboratory instrumentation have made the study of
hydrodynamics reach a level of detail unimaginable a short time ago, but the
tools necessary tomonitor andmeasure the processes of sediment transport
havenotyetreachedthatlevel.





For thatpurposeononehand two commercial scientificequipmenthavebeen
tweaked to the new task, and on the other hand a nonͲscientific laser and a
camerahavebeenusedwithphotogrammetryandcomputervisiontechniques.

Theend result isa rangeof tools thatcanmeasureasedimentbed in twoand





















































































































































































































































Eldiseñode lasobrasque seconstruyenen los ríosparacaptaciónyvertidode
agua,encauzamiento,proteccióndelfondoydelasmárgenes,odelasestructuras
contenidasessucauceestándentrode la IngenieríaFluvial.La IngenieríaFluvial
estudiaelcomportamientohidráulicodelosríosenloqueserefiereacaudalesy
nivelesmediosyextremos, lasvelocidadesde flujo, lasvariacionesde fondopor













constituye un ecotono –zona de transición entre varios ecosistemasͲ y es
particularmente rico en biodiversidad. Pequeñas modificaciones en sus







El proceso de producción de sedimentos en las cuencas y el transporte de los
mismosporpartede lascorrientesnaturalesesmuycomplejo.Lacuantificación











afectan también a lasobrasmarítimasque interactúandeunmodouotro con
lechosmóvilescomo lospilotesdecimentacióndeestructuras, lasobras lineales
como emisarioso cables, estructuras flotantes fondeadas conmuertoso anclas
geotécnicas,obiendiquesdecualquiernaturaleza.






Los ingenieros hidráulicos cuentan con tres herramientas para el estudio de










en paralelo a la potencia de los modernos ordenadores, pero aún no han
alcanzado lacompetenciasuficienteparasustituira laexperimentación,ydeben
ser validados por ésta. El cálculo es imperfecto fundamentalmente por la
complejidad de los fenómenos de turbulencia y la dificultad de reproducir
condiciones de contorno y fronteras reales. La realidad física es mucho más






son habitualmente los que mejores datos arrojan acerca de los problemas











La reproduccióndeunasdeterminadascondicionesenunmodelo real,obien la
inexistencia del mismo, hace que la única posibilidad real de estudio sea la
simulación en una réplica a escala reducida del problema. La construcción y
explotacióndeunmodeloreducido,sibienimplicaunainversiónaveceselevada,
supone siempre un ahorro real en el coste final de un proyecto de Ingeniería




En paralelo a la aparición de modelos numéricos y fórmulas validadas por la
experimentaciónparaelestudiodeproblemashidráulicos,lasdosúltimasdécadas
hanvistoundespertardeunanuevageneracióndeherramientasdemedida,tanto
en campo como en laboratorio, capaces de obtener datos de las principales





parte hidráulica de los problemas, el estudio de la evolución temporal de los
lechosmóvilesestámuylejosdealcanzaresenivel,yasíloreflejalagrancantidad






for Dynamic bed TestS) y CoSSedM (Coupled High FrequencyMeasurement of













En la actualidad existen numerosas herramientas para lamedición del flujo de
aguaen laboratorioconprecisión,peronoasíparaelestudiode fenómenosde
transporte de sedimentos. El objetivo general de esta Tesis Doctoral es el
desarrollodeunaseriedeherramientassimilaresensutecnologíabásica,para la
medicióndesuperficiesdefondoenlechoerosionable.Estamedidasehará,yello














fondo de sedimentos en dos dimensiones (Peña, 2002b). El objetivo específico














imagen, y los traduce en señales eléctricas para su procesamiento. || 2.Med. Aparato que, por









equipo inicialmente previsto para la medida de campos de velocidades, un
velocímetrodeimagendepartículas(PIV).Delasimágenestomadasporelsistema
seobtiene informaciónsobreel fondodesedimentos,con laventajaañadidade













científico y que se pueden adaptar de igual modo para medir el fondo de
sedimentos.

Además delmontaje y prueba de los equipos demedida citados, un objetivo









Ͳ La primera se refiere a las herramientas disponibles. La evolución de la
tecnologíade lascámarasdigitalesen laúltimadécadahapermitidoque
losobjetivosdelproyectosecumplanenmuchomayorgrado.
Ͳ Las aplicaciones prácticas en proyectos reales de las tecnologías














un capítulo central que desarrolla toda la parte experimental de lamisma, un
capítulo de análisis de los resultados obtenidos, uno de aplicación práctica a










Se hará en primer lugar una introducción al problema de losmodelos físicos a
escalade laboratoriohidráulicoconfondomóvil.Estetipodeestudiospresentan
muchasdificultadesañadidas,tantoenelanálisisdimensionalcomoenlamedida
deparámetroshidro ymorfodinámicos respectodeaquellosensayos con fondo
fijo. Se hará una breve descripción de la tecnología existente paramedir otros
parámetros en estos estudios como la velocidad, la tensión tangencial, el
transportedefondoyensuspensión.Apesardequeelobjetivodeestatesisno
tienequeverdirectamenteconesasmedidas,laaproximaciónglobalalproblema
y las posibles sinergias o interferencias entre equipos hace necesaria esa
introducción.
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Finalmente para cerrar el Estado del Conocimiento se describirán brevemente




El trabajo es en gran manera pluridisciplinar y se ha tratado por ello de no
extenderel EstadodelConocimientomás alláde lonecesarioparaenmarcar la
investigaciónposterior.Lasposiblesramificacionesdelmismosoncasiinfinitas.

El capítulo 3 deMetodología Experimental describirá los diferentes equipos y
métodos empleadospara lamedidade superficiesde sedimentos endiferentes
condiciones.

Enprimer lugar se estudiará el empleodeun equipo comercialquenoha sido
desarrolladoparaeste finenel laboratoriohidráulico.Se tratadeunescánerde

















































hanempleado lastécnicasparaextraer losperfilesdeuna imagendigitalapartir
delosfotogramasocuadros(eninglésydemaneramuyextendidaframes)deuna













paramejorar estas capacidades. Se compararán entre sí y con las alternativas
existentespararealizarlasmismasmedidas.










- El segundo proyecto, realizado en la dársena de Puertos y Costas del
CITEEC,notienerelacióndirectacon losobjetivos inicialesde laTesisde
estudiodelechossumergidos,perolastécnicasdesarrolladassirvieronde
igualmodoparaelanálisisdedañoeneltroncodeundiquedeescollera
sometido a oleaje a través de lamedida de su perfil transversal. Estas
medidasfueronobtenidasconeltanquedeoleajesinagua.

- El tercer proyecto, realizado en el Canal de Experimentación e
InvestigaciónMarítima(CIEM)de laUniversidadPolitécnicadeCatalunya,
tuvocomoobjetivoelestudiodelaevolucióndelfondodesedimentosen
la zona cubierta y descubierta alternativamente por las olas, conocida
comozonadeswash.Estasmedidasson tomadascuandoseretira laola
por lo que fue necesaria la programación de un algoritmo capaz de
detectaresteevento.





Finalmente los capítulos 7 y 8 contienen una relación de las referencias
bibliográficas del documento y un anexo con la relación de contribuciones a






















Unplanode luz láser ilumina lasuperficiedeunobjeto.La líneade intersección
conelmismoesobservadapordoscámarasqueobtendrán,comoresultadodela
medida,lascoordenadasdeunaseriedepuntos.Desplazandolapistolaquetiene






















Una excesiva curvatura de la superficie libre, por ejemplo, hará que la





En una primera aproximación al problema se ha estudiado el punto central del
abanicoproyectadoporelláser,quesufrelarefracciónúnicamenteenunplano.

Se ha realizado un análisis teórico y experimental de las transformaciones





































































él las superficies planas como el fondo del canal se curvan hacia arriba, y en

















a. Las coordenadas x e yno se ven afectadaspor la refracción. La
proyección vertical de los puntos observados en la superficie
deformadaylosrealescoincide.
b. La elevación de la línea media, que no se comba, puede
aproximarseconsuficienteprecisiónaunaexpresiónlineal.
c. Laelevaciónde losperfilestransversalesaesa líneamediapuede
aproximarseconsuficienteprecisiónaunaparábola.

Enamboscasos, laexpresión ‘suficienteprecisión’se refiereaunerrormuypor
debajodelacapacidaddelescánerydelasnecesidadesexperimentales.

La imagen obtenida por el escáner de una superficie puede de este modo
corregirse para deshacer la transformación introducida por la refracción. Cada
puto(x,y,z)delasuperficievirtualobservadatendrásutraslaciónenunpuntode



















losexperimentos realizados.En lapartedearriba la superficiavirtualobservada























1.4.2. Obtención de perfiles  de sedimentos sumergidos en una
imagenobtenidaconunequipoPIV.

El escáner 3D citado en el punto anterior se empleó para una batería de
experimentosdeerosiónparavalidarunmodelonuméricodetransporte.Durante
la realización de los mismos se empleó simultáneamente un equipo de








Para la extracción de estos perfiles de una imagen se desarrolló un algoritmo
estadísticode comparacióndepatronesque seprobó robusto frente al ruido y
otrosdefectosdelaimagen.Lasimágenesobtenidasporlacámarassonmatrices
de filasy columnasde luminanciay representando las columnaspuede verseel









ElequipoPIVempleado tiene supropio sistemade calibración–omapeadoͲde











compararoncon losobtenidosdelanálisisde las imágenesPIVpudiendoademás
obtenerventajasdelusoconjuntoyacopladodeambas tecnologías:Losperfiles


































Además de utilizar elmétodo para obtener la posición del perfil en la imagen
desarrollado para las imágenes del PIV, ha sido necesario establecer un





































Sin embargo el método permite de igual modo la obtención de medidas
















la terminologíaen inglés“runͲup”y“runͲdown”,y la zonadonde sedesarrollan
zona de “swash”. Fue necesario desarrollar un algoritmo para determinar de
manera automatizada los momentos en el tiempo –run downͲ en los que es
posibleobtenerunperfilalquedarlaplayadescubiertaentreolayola.Paraellose


























obtener, con un escáner 3D, la evolución de un lecho de sedimentos bajo una
láminadeaguaentiemporeal.Estamedidaademássepuederealizarenrégimen
no permanente y de manera no intrusiva, constituyendo por tanto una
herramienta extremadamente útil en el Laboratorio de Ingeniería Fluvial,
cubriendouncampodeunamaneranovedosayconmuchasventajas.

Paraello sehaprobadoque la transformaciónque introduce la refracciónenel
aguaen lasmedidasdelescánerpuedeserrevertidaparatener lasuperficiereal
deun lechoerosionable.Estopermitemedidasenunascondicionesdondeotros
instrumentos no pueden ser empleados por ser extremadamente intrusivos.
Además su utilización en conjunto con un PIV arroja datos simultáneos de la
tensión cortante y la evolución en el tiempo del fondo,muy valiosos para la
validación de modelos numéricos o bien simplemente de expresiones de
transportedesedimentos.

La segunda conclusión,nomenos importante, esqueparaobtener lasmedidas































Sehanprobadoequiposdebajocostepara la iluminaciónytomade imágenes,y
para convertirlos auso científico sehan estudiado ydesarrollado las técnicas y








en el caso de un canal de oleaje grande sobre un área de 3 por 2 metros
cuadrados.

Enelcasode las imágenes tomadasporelescánercomercial la resoluciónde la
medida es de 0,7 milímetros, pero ésta es una limitación del propio equipo
comercialadaptadoynodelmétodoporloquepuedesermejoradaconotro,yen
cualquier caso supera a los instrumentosempleados tradicionalmentepara esta




En cualquier caso, y tal y comomuestra la tabla 1.1, los sistemas presentados
igualan la resolución vertical de otros sistemas más intrusivos y mejoran
notablementelaresoluciónhorizontal.
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Ademásde laelevada resoluciónespacial, lasmedidasno se limitanaunpunto
sino que seobtiene cada vez un perfil o una superficie completa. Esto permite
medirconunaresolucióntemporalelevada,de4medidasporsegundoosuperior,




Las técnicas y algoritmos desarrollados son válidas independientemente del
equipodegrabacióndeimagen,porloquepuedenserempleadassincambioscon
nuevas cámaras de mayor resolución o mayor frecuencia de adquisición de
imágenes.

La principal limitación sin embargo de estas técnicas es el reducido poder de
penetracióndelláserenaguasturbias,muyfrecuentesenestosensayos,asícomo





























































































Se podría considerar que el estudio en sentido científico de la hidrodinámica
comienza con LeonardodaVincienel sigloXV.DaVinci fuede losprimerosen





Los primeros modelos hidráulicos a escala conocidos se deben al inglés John
Smeaton,en1752Ͳ53.Suobjetivoeraestudiarelrendimientodemolinosynorias
de agua. Si bien no empleó relaciones matemáticas de escala, sí resaltó la
importancia que tendrían. JeanͲBaptiste Bélanger introdujo por primera vez en
1828 larelaciónde lavelocidaddeflujoy laraízcuadradade laaceleraciónde la
gravedadmultiplicadapor laprofundidadpara losflujosencanalen lámina libre.
Cuando la relación fue menor que la unidad, el flujo se comporta como un
movimiento fluvial (esdecir,el flujo subcrítico),y comounmovimientode flujo
torrencialcuandolarelacióneramayorquelaunidad(Chanson,2009).Enlosaños
70 del mismo siglo, Froude estableció relaciones a escala en la misma forma
estudiandolaestabilidaddebarcos.

El primer estudio conocido demodelos con lecho erosionable se debe Louis J.
Fargue en 1875. Fargue construyó una sección del río Garona a escala para
demostrarlaefectividaddelasmedidasderegulaciónpropuestasporelmismo.En










Quizás la primera aproximación al problema de la observación de campos
completosdeflujofluidofueseelexperimentodePrandtlen1904,quiendispuso
deuncanalhorizontalparasuusoamododetúneldeviento,conunasecciónde
ensayo y una sección de retorno con un molinete accionado a mano. En él
introducíaestructuras tales como cilindros,placasplanas yhastaperfilesde ala





condiciones de semejanza de los mismos con las leyes que darían paso poco
despuésaladefiniciónmásformaldelanálisisdimensional.

Desde entonceshasta ahora la experimentación en laboratorio seha extendido
portodoelmundo,concadavezmásUniversidadesyotrasinstitucionescreando
laboratorioshidráulicospara la enseñanza y la investigación, especialmente con
posterioridadalaSegundaGuerraMundial.Elprogresoenlaexperimentaciónha
hecho que losmodelos físicos a escala sean en la actualidad utilizados como





demodelos físicosen loque respectaalaguaestámuyasentada conuna larga
tradición.Enparticularyenrelaciónconlamedidadecamposdevelocidades,una





















Lostérminos ‘modelofísico’, ‘modeloreducido’,o ‘modelohidráulico’sedefinen






están representadasen lacorrectaproporción respectodel sistema físico
real.










Ǧ Los modelos físicos reproducen las condiciones que gobiernan los
procesos sin las simplificaciones que se realizan en los modelos




en el prototipo omodelo real, en particular en lo que se refiere a la
medidasimultáneadecamposdeparámetros.Elgradodecontrolsobreel
experimentopermite además la simulaciónde condiciones extremas. La








Ǧ El avance de las tecnologías demedida de parámetros hidrodinámicos
como la velocimetría de imagen de partículas ha permitido conocer las




Losmodelos físicospara transportede sedimentosdeben reproducirdemanera
adecuada el comportamiento de los mismos. Al igual que sucede con la
hidrodinámica, seránecesarioestablecer cuáles son las fuerzasquedominande
entre las implicadas (fricción conelagua, cohesiónentrepartículas,gravedad…)
parasurepresentaciónaescala,yestonosiempreseráposible.Larepresentación
enmodelo de un fenómeno dependerá fundamentalmente de la fórmula que
reproduce adecuadamente su comportamiento en el escenario modelizado
(Soulsby,2008).

Losmateriales de que están hechos los lechos de los ríos, estuarios y playas
provienendelameteorizacióndelasrocasentierrafirme,ytienenmuydiferentes
granulometrías,texturasensumicroestructuraycomoagregados,ypropiedades
fisicoͲquímicas como la cohesión. El parámetro más importante para su
caracterización es el diámetro medio, d50. Otros percentiles de las curvas de
granulometríacomoeld90sonempleadosenocasiones.

Lamovilizaciónde sedimentos tienedosmecanismos fundamentales: transporte
defondoyensuspensión(Chanson,1999,Vanoni,2006).Enlosmodelosaescala
no podrán reproducirse simultáneamente y de manera fiel ambos fenómenos




En los procesos que tienen lugar en la zona a de rotura de oleaje de playas y
estuarios,elprocesoareproduciraescalademaneraprecisaes latrayectoriade
caídade los sedimentos.Conseguir escalar las velocidadesde sedimentación es









La modelización a escala de las granulometrías, la textura del fondo y los
antecedentesycondicionesdecontornoespaciales(ríoarribaocorrientearriba)y
























Si bien el objetivo de este proyecto es el desarrollo de herramientas para la
medición de la topografía de fondos móviles de sedimentos –sumergidos,
emergidos y temporalmente emergidosͲ y de estructuras hidráulicas, la
instrumentación para la medida de parámetros hidrodinámicos no puede ser
separada de éstas por cuanto su acción puede ser sinérgica Ͳy obtenerse
informacióndeambosmediossimultáneamenteconunmismoequipoͲ,obiende










elcontrario, la instrumentaciónutilizadahabitualmentepara lamedidadeoleaje
en los laboratorios de IngenieríaMarítima se sitúa en las proximidades de la
superficie libre y en general no interactúa ni tiene una relación directa con el




tangenciales, lamedida de fenómenos de transporte de sedimentos se puede
dividirporun ladoen lasprocesos,esdecir losdiferentesmodosdetransportey
porotroensusconsecuencias,lamodificacióndelamorfologíadelfondo.

Tal y como sehadicho, lamedidadel restodeparámetrospuede ser sinérgica




5, en el quemás de 50 instrumentos estaban situados en un área de estudio
relativamentepequeña.EliniciodelacrónimocorrespondeaCoupled,setratade






Lamedida de las velocidades de un flujo es, junto con los niveles de agua –






el estudio, disponibilidad o familiaridad con el manejo de la instrumentación,
presupuesto,gradodeintrusióndelinstrumentoenelflujoaestudiar,etc.Parael
estudiode fenómenosdecampoyenalgunosestudiosde laboratorioseutilizan
habitualmente una serie de equipos que en modelos de escala reducida son











De entre toda la instrumentación disponible para el estudio de fenómenos







Eso equipos pueden, respectivamente, tomarmedidas en un punto (ADV), una
línea (ADCP) o bien en un plano o un volumen (PIV). Todos ellos son además
capaces de caracterizar las tres componentes de la velocidad en el espacio al
contrariodeloquesucedeconmolinetes(clásicosoelectromagnéticos).

El principio de funcionamiento de los velocímetros y currentímetros doppler






en proporción lineal con la velocidad. Por tanto, una de las hipótesis
fundamentalesdeestetipodeinstrumentaciónesasumirqueelaguacuentacon






































Aunque están en fase experimental y no exentos de problemas, la principal














Sin embargo probablemente el complemento ideal para los estudios en lecho
erosionable es el velocímetro de imagen de partículas (Raffel, 1998),




separadas por  un determinado intervalo de tiempo, del movimiento de las




















La técnica PIV se ha convertido en los últimos tiempos en una poderosísima
herramientaparaelestudiodecamposdevelocidadesenelsenodeunfluidoen
movimiento,yaseaesteen régimenestacionarioono,particularmentedesde la
introducción de la fotografía digital (Willert, 1991). Después de 20 años de
desarrollo, hay poco que decir sobre sus asombrosas capacidades (Adrian RJ,
2005).Enalgunoscamposcomolaaerodinámicaycadavezmásenhidráulica,su
uso se ha convertido en casi imprescindible para determinados problemas que
antesno sepodíanabordardesdeunpuntode vistaexperimental. Las ventajas




- Se trata de técnicas no intrusivas, lo que se hace particularmente
importante en problemas donde el espacio es limitado y los
instrumentosclásicosocupandimensionesexcesivasenproporciónal
ámbitodeestudio.
- Se trata de técnicas que permiten obtener todo el campo de




campo de velocidades simultáneamente es fundamental, no tanto en cuanto
ahorra tiempo de estudio, como por la oportunidad que ofrece de estudiar
problemasenrégimennoestacionarioqueantesnoexistía.

Algunas técnicasmejoradasde tomade imágenesyprocesadodedatosPIVhan










Además de obtener la tensión tangencial a partir de perfiles de velocidades,
existentambiénequiposparasumedicióndirecta(Barnesetal,2009)medianteel
uso de una placa –shear plateͲ situada en el fondo quemide la fricción que
produce el fluido sobre ella como un esfuerzo mecánico. Sin embargo estos

















point sensor), detectan la turbidez del agua en base a la reflexión difusa de
radiaciónen lamateriaen suspensióndelagua (Downing,2006).Constandeun












Si bien se trata de equipos robustos y de utilizaciónmuy sencilla, el principal
problema a la hora de emplearlos paramedir la presencia de sedimentos en
























adecuadamente cribadas. Sin embargo el hecho es que su comportamiento





variación con lapresenciade sedimentos en la capa inmediatamentepegada al
fondo donde se produce este transporte (sheet flow; Ribberink, 1995). Estos








sondasdebe reajustarsedemanera continua sibien losmodelosmás recientes




























caso de lechos de sedimentos. Cuando se vacía el canal o tanque de
experimentaciónelaguaalretirarsemodifica latopografía.Enelcasodeperfiles
deplayaenocasionesloquesehaceeslocontrario,enlugardevaciarelcanalde
ensayo se inunda toda la zona de playa para que toda la zona demedida esté
completamente bajo el agua. Tal y como es verá muchos métodos tienen





El segundo método es menos intrusivo pero no todos los canales de
experimentación hidráulica lo permiten. El diseño clásico de tanque de nivel











Esto en cambio si es posible en el caso de canales de oleaje y algunos diseños








más convenientepero tiene comoprincipalproblemaqueen lamayorpartede




Es para salvar todos estos problemas que en los últimos años se han venido
desarrollando diferentesmétodos demedida basados en diferentes técnicas de
imagen digital (fija o video). Estas técnicas sin embargo –y este es su principal
inconvenienteͲ chocan frontalmente con la turbidez del agua en el caso de





experimentosde transportede fondo seemplean sedimentosde tamañomedio
lavadosparaeliminarlosfinos.

Lamedida de lechos de sedimentos temporalmente sumergidos tal y como se
produceenlazonaquecubrenydescubrenalternativamentelasolasenunaplaya






















las principales en uso en el momento –puntualesͲ con sus ventajas e
inconvenientes. Desde la publicación del artículo en 1996 ha habido algunas
mejorasen la resoluciónde losequiposdeultrasonidosymuchosavancesen la




un área más o menos reducida y no una medida puntual, lo que limita su
















































Ͳ Un grupo de sondas se sitúa bajo la capa de sedimentos y otra común
cierraelcircuitoeléctricosobreelagua(deRooij,1999).Elespesorde la
capadesedimentossobrelassondasenterradasmodificalaconductividad









(Hydraulic Research Station,Wallingford, 1968).Una sonda emite pulsos de luz
















lugarde lareflexión,colocándoseenestecasounafuentede luzbajoel lechode

















en la introduccióna lamedidadeotrosparámetroshidráulicos losequiposADV,







Su resoluciónverticalestá limitadapor la longituddeondaempleada (0.6mma
2,5Mhz),peroestosequiposhanevolucionadomuchoen lasúltimasdosdécadas
de lamanode las técnicasADVyADCP, llegandoa resolucionesespacialesmás
elevadas(Best,1994)entornoa0,1mm.Friedrichsetal(2005)utilizaronunalínea
desensoresdispuestosdemaneratransversalauncanaldeexperimentaciónque





Suprincipalventajaes la capacidadque tienenparaoperarenentornosdeuna




entorno a 10º, lo que hace que lamedida no sea tan puntual y la resolución
horizontal se reduzca amedidaque la sonda se alejadel fondo. Estehechono
permite por ejemplo medir con precisión algunas microestructuras como las
crestasdelosripples,sibienenciertamaneraestadivergenciapuedeevitarsecon










































la toma secuencialde fotografíaso la grabaciónde video a travésdeun cristal
lateralenuncanaldeensayo.Ademásdelarelativamenteescasaresolucióndelos
equipos de imagen empleados y de los rudimentarios programas de análisis






La forma inicial de obtener en dichas las imágenes la posición del fondo de
sedimentos y la superficie libre del agua era por diferencias de iluminación y






Kells (1998, 2000) utilizaron una cámara de video SonyHiͲ8 cuyos frames eran
seleccionados y digitalizados a una resolución de 640x480, desarrollaron un
programa –ProScanͲ capaz de extraer la información. Según sus propias







FooteyHorn (1999)emplearondenuevounacámaraHiͲ8para lamedidade la
evolucióndeunaplayay losprocesosdeoleaje (runupy rundown)estimando
erroresde5milímetrossobreuncampodevisiónde3metrosconunaresolución
































en modelos profesionales. Sin embargo los mejores resultados se obtienen
mediantelailuminacióndelfondoconunhazláserquemuestrademaneradirecta





demanera secuencial.Apesarde la relativa simplicidaddel sistema tiene como
principalinconvenientedenuevoquedebelimitarselaturbidezdelagua.Sumeret
al(2001)midieron laerosiónaguasabajodeununcilindroverticalmedianteuna
serie de varillas enterradas y un sistema de imagen para ver cuándo quedaban







instrumentos disponibles paramedidas ópticas en 2D y 3D, que tiene ahora su
continuación en la iniciativa conjunta WISE (WaterͲInterfaceͲSediment




En la citada revisión tratan los escáneres láser como la solución actual más
extendida.Esta técnicadebeencontrarun compromisoentre laextensiónde la
zonademedida, la resoluciónde lamisma–tantoespacial como temporalͲ yel
tiemponecesarioparaadquiriryprocesarlosdatos.

Las diferentes técnicas de fotogrametría de estos sistemas tienen alguna
particularidadrespectode lasempleadosfueradelaguaperoenesenciasetrata







Probablemente laaproximaciónmás sencillaalproblemaes laproyeccióndeun




VanderWerf et al (2006) yO’Donohue et al (2006) estudiaron la formade las
dunas (ripples) producidas en un túnel de flujo oscilatorio con una sonda láser
puntualmóvil y con un perfilador láser, encontrándose con el problema de la





medida con el colordel láser (el rojo tienemenorpoderdepenetraciónqueel
verdeoelazul),yconlasensibilidaddelascámaras.

Otro problema añadido a estos sistemas cuando deben medir un fondo de
sedimentosbajounaláminadeaguaeslarefraccióndelaluzenlasuperficielibre
(ouncristalenelcasodeuntúnel)ytantoparalatomademedidascomoparalas
calibracionesdeberá tenerseencuentaeste fenómeno, loqueno siempre tiene
solución. En Delft Hydraulics han probado escáneres láser sumergidos, pero se
trata de un equipo con un tamaño tal que no es posible utilizarlo con el
experimentoenmarchasinoúnicamentamentealfinalizarelmismoylimitandola











Entre las técnicasde fotogrametríaque sedetallaránenel siguiente capítulo se
distinguenclaramenteaquellasbasadasen lavisiónestereográficade lasbasadas
en luz estructurada en las que se proyectan haces o planos de luz sobre la
superficieadigitalizar.Elprincipalproblemadelprimermétodoesqueparaque
los algoritmos funcionen esnecesario establecer claramente la correspondencia








Para reducir errores así como el tiempo de adquisición y procesado es de vital
importanciatratardequelafasedetomadeimágenessealomás‘limpia’posible
con una fuente de luz controlada y un equipo de imagen seleccionado y

















una forma conocidaempleadaparaestableceruna correspondenciaenmedidas
enlaimagenconmedidasenlarealidad,algoquesedetallarámástardeyquese
conoce en técnicas de visión artificial como mapeo. La resolución de medida
estimadaporambosequiposerade1milímetro.





Foti et al (2011) además de la revisión de métodos hicieron sus propios












Ademásde losfondossumergidos,unazonadeparticular interésen losestudios






Baglioetal (2001)yFotietal (2011)probaron tambiénde laproyeccióndeuna
malladeregulardepuntosenlugardeunplanoydoscámarasCCDmonocromas














patrones en las dos imágenes compara texturas y en el caso del sistema SLSV












2.3.1. Fotogrametría y visión artificial. Visión estereoscópica
frentealuzestructurada.

La posibilidad de obtener unmodelo geométrico digital de la superficie de un
objeto real es una tecnologíamuy reciente pero relativamente extendida en la
actualidadycongrandesaplicacionesdentrodelcampode loquesehadadoen
llamar ingeniería inversa.Un escáner3Desundispositivoqueutilizadiferentes
técnicas para obtener datos de la forma de un objeto y construir unmodelo
matemáticotridimensionaldelamismaconmuchasaplicacionesdiferentes.

Fueron desarrollados inicialmente para aplicaciones industriales pero ahora se
estánbeneficiandodelainvestigaciónqueserealizaenotroscamposinteresados
en lomismo,desde lapaleontología–modelosdigitalesde fósilesqueevitan su
manipulación directaͲ hasta la creaciónmultimedia demundos virtuales, desde
estudiospreviosde infraestructurasoedificacioneshastavideojuegos.Existenen
el momento tecnologías muy diversas que permiten la reconstrucción de
geometrías desde tamañomolecular hasta edificios de varias plantas o incluso
modeloscompletostopográficos.

El proceso de digitalización 3D consta básicamente de dos fases: una de
adquisición y una de reconstrucción (Curless, 2000). En la primera el equipo
obtienelaposicióndeunaseriedepuntossintratarenformadecoordenadas,y
es en la fase de reconstrucción donde estas nubes de puntos se procesan
internamente para extrapolar las superficies con algúnmodelomatemático en
formadeconjuntosdepolígonosodepolinomiosdeinterpolación.







contacto físicopor loquepuedemodificarodañar la superficie escaneada.







- TécnicasdeMedicióndeDistancia (range findingo tiempode vuelo).Estos







- Técnicas de Imagen (imaging). Los sistemas basados en la imagen obtienen
unaomásimágenesendosdimensionesconcámarasylasusancomoentrada
paraunprocesadoposterior.Laobtenciónde laposiciónde lospuntosenel
espacio se determina por triangulación. Los sistemas activos proyectan









La fotogrametría puede considerarse dentro de las técnicas de visión artificial,
visiónporordenador(delingléscomputervision)ovisióntécnica,unsubcampode
la inteligencia artificial. El propósito de la visión artificial es programar un
computadorparaque"entienda"unaescenao lascaracterísticasdeuna imagen.
Lapalabrafotogrametríaderivadelvocablo"fotograma"(de"phos","photós",luz,
y"gramma", trazado,dibujo),comoalgo listo,disponible (una foto),y"metrón",
medir.

Por loque resultaqueel conceptode fotogrametríaes: "medir sobre fotos". Si
trabajamosconunafotopodemosobtenerinformaciónenprimerainstanciadela
geometríadelobjeto,esdecir,informaciónbidimensional.Sitrabajamoscondoso




de la trigonometría de triángulos para determinar la posición de puntos o la









vistadiferentes (Park,2003).Para funcionar requiere identificaren las imágenes
unpuntocoincidenteloquesuponelapartemáscomplejadelproceso,porloque
lavisiónconluzestructuradaesmuchomássencilladeoperar(Chen,1992).Taly







2.3.2. Luz estructurada. Iluminación convencional y luz láser.
Refraccióndelaluzydispersióncromática.

Cualquier fotógrafo sabeque la calidadde las imágenesque tomaestádefinida




Unapartede las técnicasde visión artificialque se introducirán en el siguiente
capítuloestánbasadasenelusodeluzestructurada.Sedefinelaluzestructurada
como aquella que tiene una direccionalidad bien conocida y controlable. Las




objeto iluminadoporuna fuentede luz situadaaunadistancia infinitao deun











Las fuentesde luzestructuradapodrán serde luz convencional respetandoeste
principio para producir luz dura, pero en general el nivel de direccionalidad y
control necesario se conseguirá más fácilmente con iluminación láser. De su
definiciónenlaRealAcademiaEspañoladelaLengua:

























Los láserde trabajoestán sujetosaunasestrictasnormasde seguridadque los
clasifican de acuerdo con el riesgo que suponen para la salud de los usuarios
(AENOR1996y2000).Duranteelestudiosehanempleadoláseresdeclase2,que
no suponen ningún riesgo para la salud excepto el derivado de la exposición






Para producir un plano será necesario disponer una serie de lentes que lo
estrecharánenunsentidoy loampliaránenformadeabanicoenelotro.Existen
varias combinacionesde lentesparaproducireste efecto, sepresentaráunade
ellasamododeejemplo.Enestecasoseemplearántreslentescilíndricas,aunque












luz atraviesa la superficie que separa dos medios con diferente velocidad de
transmisiónyno lohacedeformanormala lamisma,sufreunadesviaciónenel






de la luz nos permite diseñar lentes y con ellas construir telescopios, objetivos













x n1, n2 son los índices de refracción de ambosmedios, que expresan la









x Cuandounhazentra conunángulo cuyo senoes igualal inversode su
índicederefracción,seproduceelfenómenodereflexióntotalyelhazno
















determinada distancia con una lente, las diferentes frecuencias incidirán de


















una lente convexa y una cóncava que compensaban este defecto. Tratando de
evitarquealguienseadelantaseasudescubrimientoencargócadaunadeellasa
un fabricante distinto, pero con la mala suerte de que éstos a su vez lo
subcontrataronalmismo,quesediocuentadeloquepretendíayasí,fueelóptico







Sinembargo,elhechodetrabajarcon luz láser,conunaúnica longituddeonda,






















Lassiguientes leyesbásicasde laóptica física relacionan ladistancia focalde las
lentescon ladistanciaa laque losobjetosaparecenenfocadosenelplanode la


















esnecesario conocer como es transformada la realidad enun archivodedatos
















                   
Figura2.38.Distorsionescilíndricasenunalentefotográfica.







kit con las cámaras suelen tener distorsión de barril en un extremos del zoom,
distorsión de cojín en otro extremo y una distorsión mínima o directamente
despreciableenalgúnpuntointermedio.EsoporejemplosecumpleparaelNikkor
18Ͳ55aunafocalde35mmyparaelSonyNEX18Ͳ5a24mm(www.photozone.de).
Ambosobjetivoshan sidoutilizadosporque esasdistancias focalesmedias son
particularmenteútilesenlasconfiguracionestípicasdeensayo.

Muchas cámaras utilizan procesamiento interno para corregir en sus imágenes











eligiendo una lentes sin distorsiones, corrección de esta deformación de
perspectiva se reduce a encontrar una función bilineal que relaciona las







En el casodeuna lente sindistorsiones también sepueden corregirdurante la
toma de la imagen con lentes especializadas basadas en el principio de
Scheimpflug (Scheimpflug,1904).Eldesplazamiento–shiftͲde la lente fueradel














evitaresto. La formade conseguiresto sepuede expresar geométricamentede
























La extracción de información métrica en una imagen, fotogrametría, se ha
beneficiado del desarrollo de los ordenadores para el tratamiento digital de la
información.Sibienenorigensetomabanimágenesenunsoporteanalógicopara
digitalizarse el paso a la toma digital directa ahorra posibles fuentes de error
ademásdetiempo.Además,yapesardequelafotografíadigitalexistedesdehace











Ͳ Resolución espacial mejorada con cámaras estándar con resoluciones
entre 12 y 24megapíxeles, que sobre un área típica de 4x3metros dan como
resultadoresolucionesdemedidapordebajodeunmilímetroyquesoncapaces
detomarimágenesavelocidadesentornoaunhercio.







comercialparael tratamientode las imágenesobtenidasconellasconpaquetes
generalistascomoPhotoshopoGimp,yotrosmásespecíficosparaelusocientífico
como los toolboxes de tratamiento de imágenes deMatlab. En este tiempo el

















Ǧ Paraelanálisisdeobjetivos intercambiablesparacámarasfotográficas, la
web Photozone.de realiza análisis intensivos que incluyen una característica
particularmenteútilparalafotogrametría,lamedidadeladistorsiónóptica.

De la primera se ha extraído el gráfico siguiente, que reflejan la evolución
temporaldelarespuestaaISOsaltosorelaciónseñalͲruidojuntoconelpreciode
losmismos.Estamejoraposibilitaelusodefuenteslásermáseconómicas,menos















(DSLR, digital single lens reflex) y las cámaras compactas de objetivos




























jiajaiaax  4321   [5]





























݅ଵ ή ݆ଵ Ͳ Ͳ
Ͳ ͳ ݅ଵ
݅ଶ ή ݆ଶ Ͳ Ͳ
Ͳ Ͳ






݅ଷ ή ݆ଷ Ͳ Ͳ
Ͳ ͳ ݅ଷ
݆ଶ ݅ଶ ή ݆ଶ
Ͳ Ͳ
݆ଷ ݅ଷ ή ݆ଷ
ͳ ݅ସ ݆ସ
Ͳ Ͳ Ͳ
݅ସ ή ݆ସ Ͳ Ͳ
Ͳ ͳ ݅ସ
Ͳ Ͳ


































ͳ ݅ଵ ݆ଵ ݅ଵ ή ݆ଵ
ͳ ݅ଶ ݆ଶ ݅ଶ ή ݆ଶ
ͳ ݅ଷ ݆ଷ ݅ଷ ή ݆ଷ






ൢ   [8]





























i j Y Y
221 251 Ͳ180 260
221 403 Ͳ180 80
520 252 180 260










a1 Ͳ446.0870 b1 556.3616
a2 1.2040 b2 0.0040
a3 0 b3 Ͳ1.1842





dibujado por el láserͲ puede ahora convertirse a unidades físicas enmodelo o
prototipo.





iaax  21     [9]
jbby  31     [10]
Elprimercoeficientedecadaecuaciónesundecalajeuoffset,yelsegundoes la
magnificación de imagen que relaciona las unidades físicas en milímetros o
cualquierotraconunidadesenpíxelesen la imagen.Sibienestenoseráelcaso
generalnos sirvepara estimar lamagnificación y con ella el errordemedida a
partir del segundo parámetro. Tal y como estaba previsto por la convención
habitualdeejes,lamagnificaciónenelejevertical–b3Ͳesnegativa.

Si la lente tienedistorsioneso seproducenporefectode la refraccióndelagua
puededefinirseunprocedimientoanálogoconmáspuntosconocidosenlaimagen
patrónyfuncionesdetransformacióndeordensuperior.Esmuy importanteque
las condiciones de calibración ymedida sean lasmismas, no solo respecto a la
posición relativadelplano láser,elpatróndecalibracióny lacámara–quedebe
mantenersedemaneracuidadosaͲsinotambiénencuantoalapresenciadeagua.
Si sevana tomar lasmedidasa travésdeuna láminadeagua,debehacerse la
calibración en idénticas condiciones. Es posible realizar calibraciones en




















Ǧ Laser Scanner Range de Faro (Laser Designs Inc.), que opera con una
cabeza robotizada similar a la de una estación total con técnicas de
medicióndedistancia.
Ǧ VIͲ9i/Vivid 910/Range7/Range 5 Laser Scanner de Konica Minolta, con
tecnologíasláseractivasyobjetivosintercambiables.










luzestructurada.Unplano láseresproyectado sobreelobjetoadigitalizar, y la
interseccióndeésteconsusuperficieesunacurvaplanaqueseráregistradapor
una cámara digital, que triangulará su posición con la función de mapeado
correspondiente(Zagorchev2006).
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Entre sus desventajas podemos citar algunos problemas en el postproceso y
exportacióndedatosqueseestudiaránmásadelante,suprecisiónrelativamente
bajaͲ0.5mmͲ,ylalimitaciónencuantoalcolordelosobjetos,quedebeserclaro,



















conocidas habitualmente por su nombre en inglés: ‘patternmatch’ o ‘template




Se denomina ‘ajuste de patrones’ a las técnicas de ingeniería, computación y
matemáticas utilizadas para ajustar un determinado grupo de datos a una








Las técnicasmás empleadas para la concordancia de patrones son técnicas de
correlaciónestadística. Suprincipal ventaja radicaen la robustez frenteal ruido








Enelprocesadodedatosse llamacorrelacióncruzadaa lamedidade lasimilitud


















Matemáticamente la correlación cruzadaentre lasdos funcionesesuna integral
paramétricadelaforma
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ܥሺןሻ ൌ ׬ ௙ሺ௫ሻή௚ሺ௫ାఈሻௗ௫
శಮ
షಮ
׬ ௙ሺ௫ሻௗ௫శಮషಮ ή׬ ௚ሺ௫ሻௗ௫
శಮ
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La forma de la función de correlaciónC(Į) dependerá de la señal original y el
patrón con el que la comparamos.Además de la forma gaussiana anterior a lo
largo del texto se verán dos ejemplosmás: una con forma rectangular, que da
comoresultadounafuncióndecorrelacióntriangular,yotraconformatriangular,
















ܥሺןǡ ߚሻ ൌ ׭݂ሺݔǡ ݕሻ ή ݃ሺݔ ൅ ߙǡ ݕ ൅ ߚሻ݀ݔ   [13]
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en sumatorios,debiendo ser la funciónpatrónuna serie sintética conelmismo
muestreo.
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Matlab dispone de una función para realizar directamente este trabajo: ‘xcorr’.
























El paso siguiente a obtener la función de correlación para determinar elmejor
ajusteesdeterminarsumáximo.Enelcasodelacorrelacióndiscreta,lafunciónde
correlación será una serie de números con lo que obtener el máximo es un
algoritmo trivial.Puedederivarsemedianteunanuevaoperacióndeconvolución






Pero simiramos endetalleuna funciónde correlacióndiscreta, en losdatos es












polinómica o gaussiana en función de la función de correlación esperada. En
generallosestimadoresquemejorseadaptanaestetrabajosondetrespuntos.
Si tomamosestevalormáximodiscreto Ci y losadyacentes Ci-1 y Ci+1 entonces













CCdxx    [17] 
Siendo d elintervaloenelqueestádiscretizadalavariable x.
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realizarse directamente debido a su función de correlación es triangular sin
continuidad de clase C1. En el único lugar de la tesis en el que se empleará la

































































































que han sido empleados para medir perfiles o superficies de fondos de
sedimentos –y algún otro uso relacionadoͲ con diferentes herramientas, todas
ellasbasadasenlásereimagendigital.
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Los primeros trabajos se centraron en este equipo, para conocer su





Ͳ Adaptar el equipo a suuso en laboratorio conociendo los factoresque
afectan a su utilización no convencional y exportando los datos a un
formatomásconvenienteparasuanálisis(punto3.2).
Ͳ Estudiarlatransformaciónenelplanomediodebidaalarefracción,para
obtener como primera aproximación el perfil central del fondo (punto
3.3).









fluyente, durante estos experimentos se utilizó de manera conjunta un
velocímetrodeimagendepartículas(PIV)paramedirelcampodevelocidadesen
dos dimensiones. Observando las imágenes del mismo parecía evidente que
















Ͳ Segundopara tener información redundanteconelescánery reducirel
tiempodecalibracióndelmismo.

Finalmente, y como última parte de losmontajes experimentales, se trató de
utilizarlosconocimientosadquiridosylasherramientasdesarrolladasparatratar




denivelaciónde albañilería, y las cámarasde losmismosequipospor cámaras
fotográficas convencionales. Este cambio supuso desarrollar y validar
procedimientosdecalibraciónparapasardelasimágenes(enpíxeles)aunidades











proyectos concretos, uno de medida de perfiles transversales de diques de











adquirido por el CITEEC. El modelo concreto es un FastScan del fabricante
norteamericanoPolhemus.Setratadeunsistemacomercialcerrado,queactúaa





















Elprincipiodeoperaciónes sencillo,haciendounbarrido con lapistolapor las
proximidadesdelobjetodeunmodosimilaralapinturaconspray.Unemisorde




Desplazandomanual o automáticamente el equipo sobre toda la superficie se
registrantodoslospuntosqueiluminaelláser.Elempleodedoscámaraspermite
obtener información redundante y ver zonas que por la perspectiva quedan
ocultasaalgunadeellas.Un sistemadebobinasqueemiteny reciben campos
electromagnéticos permite conocer la posición en el espacio de la pistola














laprimera,deadquisición,elusuariodesplazaelhaz láser sobreelobjeto yel
sistemaobtiene informacióndelmismoenformadecoordenadasdepuntos.En
la segunda, de reconstrucción, el sistema interpreta las nubes de puntos
transformándolasensuperficies.

Elobjetivode este trabajono es el estudiode los algoritmosde adquisición y
reconstrucción (Lodha, 1999 y Savchenko, 1995), sino la aplicación del equipo
para digitalizar objetos bajo una lámina de agua. En el caso que nos ocupa,







En el uso convencional del equipo, en la toma de imágenes, la línea de
intersección entreelplanoque formaelhaz láser y la superficiedelobjeto es






de la línea respecto a la pistola. Además en función de la inclinación de la
superficieadigitalizarrespectodelplano láser,éstapodríaquedarocultaauna
de lascámaras.Enelprocesonormaldedigitalizacióndescritoenelmanualdel
fabricantepuedehacerseuna segundapasadapor lamisma zona.Sinembargo
estono seráposibleenunprocesoautomatizado sinaccesoa losdatos,por lo








































Las coordenadas de los puntos en la fase de adquisición se obtendrán por las




















Deestemodo, lospuntos (0,y,z)en las coordenadas relativasal receptorde la
pistola(x=0porcorrespondertodosalplanodelhazláser)sufriránunatraslación
yungiroenelespacioenfuncióndelaposiciónrelativadelemisoryelreceptor.
































- ‘Receiver isReference’enestemodode funcionamiento la referencia









interferencias. En el casodemonitoresdeordenador estadistanciamínima se
estableceenunmetroenelmanualdelequipo.
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en forma de puntos, y una vez terminado realiza los cálculos para exportar la
superficie como una malla de triángulos en el espacio. El programa puede
opcionalmentemostrarlacomounasuperficiedecontornossuavesconsombras,
peroparaexportarlaen formadepolinomiosde interpolación (NURBS)deberá



























El usuario establece los parámetros para esta exportación, pudiendo definir el
tamañode lamallade triángulosgeneradosyel suavizado,demaneraque las













sencillez, o bien polinomios interpolación o funciones racionales NURBS (Non
UniformRationalBaseSplines).

La aproximación de una superficiemás sencilla puede hacerse pormedio de
triángulos –parchesͲ que se unen en los vértices, cada uno de los cuales
representa lanubedepuntos localmenteenunsentidoestadístico.Unmétodo
de cálculo sencillopodría serunajustepormínimos cuadrados. Sielplanodel
triángulo se separamuchode lanubedepuntos,elalgoritmo supondráqueel






La continuidad entre los subdominios en este caso es de clase C0, es decir,







InfoͲ con información general (fecha,hora...) ydos archivosdedatos:Points y
Facets.

Points es unamatriz de tres filas el la que cada columna corresponde a las
coordenadasdeunpuntoenelespacio.

Facetsesunamatrizde tres filasen laquecadacolumna indica lospuntosque
son vértices del triángulo que forma una cara. Estos tres números hacen
referenciaalasfilascorrespondientesdelamatrizPoints.Unejemploextraídode




239,0 237,6 244,6 248,4 252,1 250,6 237,4 258,7 237,6 267,5
Ͳ114,8 Ͳ109,1 Ͳ115,8 Ͳ116,3 Ͳ115,6 Ͳ106,8 Ͳ98,0 Ͳ115,3 Ͳ88,2 Ͳ115,5





3 6 3 4 6 5 6 8 6 10
1 1 6 6 2 6 7 6 17 8







































particularidad importante que hará su tratamientomás sencillo, y es que son
convexasdeformaqueacadapuntodelplanohorizontalxy lecorrespondeuna
única altura z, debido a que la superficie estudiada que es un lecho fluvial de















































   [23]

en lasnuevas coordenadas ([K), la condicióndepunto interior al triángulo es
ahora

[!K![K      >@

Elprogramaademás incluyeunaseriedemejorasdecálculoqueharánqueesta







































































































El programa de Matlab que lee los archivos generados por el software del
Polhemus(conlasvariablesPointsyFacets),yconviertelamallatriangularauna














Una de las condiciones necesarias para controlar la refracción del haz láser al








robotizado controlado por ordenador, del fabricante TechnoͲIsel. El brazo que









































Ladisposición de  los equiposde posicionamiento electromagnéticos sobre el
canal se probó en muy diferentes configuraciones. Se ensayaron los modos
Transmiter isReference,yReceiver isReference,conel segundo receptorcomo
referencia, tomando la última posibilidad finalmente, con el emisor unido
solidariamente al brazo del posicionador. Se probaron también muchas













fondo del canal. Para ellodeben realizarsemedicionesde éste, previas a cada
bateríade ensayos. Laposiciónóptimaen alejamiento respectode lapistola y
ángulosereflajaráenunaimagenplanayhorizontaldelasuperficie,conmedidas
que tendrán una componente de ruido inferior a la precisión del equipo (+/Ͳ
0,5mm).Las imágenesmuestranel ruidoobtenidoen la imagendel fondoy su
representaciónexportadoalentornoMatlab.Enlasegundaesnecesarioobservar












obtención de una lámina de agua con una superficie regular y estable, que
permitauna refracción controlada.Para ello sehadispuesto en la entradadel
canal una estructura de tubos en panel de abeja que garantiza la
bidimensionalidad del flujo. La pérdida de carga en estos tubos provoca que
existamayoralturade láminaa laentrada,yelaguaque circulapor los tubos





Otra posible solución a considerar en un futuro para obtener una refracción
controladadelláseralentrarenelagua,esdisponeruncristalsobrelasuperficie,
perodebeestudiarseendetallelamodificaciónqueéstointroduceenelflujo.En





oxidarse laensucianhasta impedir lavisiónporcompleto.Hasidonecesarioen




















superficie libre paralela al fondo. Esto hace que la única refracción que se
produce sea la correspondiente a la imagen de la línea del lásermarcando el
contornodelobjeto.Enestascondiciones,elproblemadelaelevaciónvirtualdel






De acuerdo con ella pueden establecerse las siguientes relaciones
trigonométricas:
      ctghtghd ri   TT    [27]















    rrii senrsenr TT       [29]
     
queenelcasodelaireydelaguapuedeexpresarsecomo














































llevó a cabo un estudio estadístico de los datos, que semostraron altamente
precisos. Centrando el análisis en la línea media del haz láser, que no sufre
refracción en elplano xy, elúnico efecto es la elevación rdel fondodesde su
posición real. Losvaloresmediosde las cuatromedidas sonahora calculadosy
presentadosfrentealcaladoy.Lafiguraincluyetambiénunacomparaciónconlos
resultados teóricos de elevación r respecto de y calculados en el apartado
anterior.Comopuedeobservarse, la tendenciade la curva en ambos casos es







































Lasdesviaciones r'de lasmedidasdel fondodelcanal respectodesuelevación
promedioestánencasitodosloscasospordebajodelos0.3milímetros,talcomo
se puede ver en la figura siguiente. De esta forma podemos enunciar que el














Las conclusiones de este apartadomuestran que lametodología experimental
desarrollada es acertada. En primer lugar, se valida el estudio teórico de



























         ctgzhtghd rri   TT     [33]
    ctgzd im   T       [34]



















la líneamedia.Realizandoelpromediode lasmediciones realizadasconcuatro
barridos,y representandodichasmedicionescon respectoa tresde loscalados















La gráfica anterior muestra resultados coincidentes con la relación teórica
obtenidaen lafigura10.Elresultadomás importanteson lasrelaciones lineales
obtenidasconelevadascorrelaciones (valoresder2entre0.9977y0.9992),que
permitevalidardenuevo lametodologíaseguidaenelestudio,enestecasocon
la restitución de un objeto introducido en el canal con distintas alturas de la
láminadeagua.

Con el menor calado, se produce una inestabilidad de dicha lámina por la
presencia del objeto, cuyo efecto puede notarse en la siguiente gráfica en el
intervalodealturasrealesentre40y55milímetros,analizando lasdesviaciones












debajo del milímetro, exceptuando la zona comentada anteriormente. En el





3.3.4. Restitución de la refracción: obtención de perfiles
sumergidos.

Los resultados anteriores reflejan la adecuación del escáner para reproducir el




yCr  1       [36]











configuracióndelequipo conunaelevaciónprefijadadesdeel fondodel canal,
quedandeterminadas lasconstantesC1yC2,quesonobtenidasatravésdeuna
serie de pruebas previas de calibración. De esta forma, y para cada ensayo
hidráulicoposteriorenrégimennopermanente,elescánermedirálasdistanciasa

























3.4. Superficies en tres dimensiones. Restitución de la
refracción.

3.4.1. Desarrollo teórico del problema de la refracción en tres
dimensiones.

















































Con lo que el ángulo que “ve” el Polhemus FastScan, es ahora MI, el ángulo




      22 yctghtghd ri   MM [43]

Losángulos incidentey refractadose relacionandeacuerdocon la leydeSnell,
paraelaireyagua




nsen MMM   333.1 [44]
Al igual que se hizo en el apartado 3.3.1, introduciendo este resultado en la
ecuación[43]seobtienelaecuaciónnolineal

      22
333.1




















IMT costantan  I [47]
IMJ senI  tantan [48]

La secuencia de transformación de la superficie real (y,z) en la virtual (yv,zv)










Ivv     IIMIMIM tantancostantan [49]
Estedesarrollopara lacoordenadayconcluyequenohayvariaciónen lamisma









v   MIM [50]
Paraobtenerlacoordenadazesnecesarioportantoresolverlaecuaciónimplícita






Una de las conclusionesmás importantes, que se verificará en el estudio de
calibraciónyharáqueseamássencillalatransformacióninversaparadeshacerla
refraccióneselhechodequelacoordenadaydelospuntosnovaríe.Juntoconla
x, que no varía si se hace entrar el haz láser de manera perpendicular a la
superficie del agua, en conjunto se tendrá que la proyección en planta de los
puntosno varía,haciéndoloúnicamente suelevación.Esto simplificaráengran
maneralatransformacióninversa.







La imagen teóricadel fondobajouna láminadeagua seelevay securvahacia
arribaensusbordes.




y = 6,07E-05x2 + 5,00E-16x + 3,44E+01
R² = 1,00E+00
y = 1,44E-04x2 - 2,00E-15x + 7,17E+01
R² = 1,00E+00
y = 2,69E-04x2 - 4,44E-16x + 1,14E+02
R² = 1,00E+00























resultados anteriores con los obtenidos experimentalmentemidiendo el fondo
plano del canal bajo una lámina de agua observándose el mismo
comportamiento. Seha realizadopordos vecesunabateríademedicionesdel
fondocondiferentescaladosoalturasdedeláminadeaguay,entodosloscasos
plana y horizontal, es decir, la condición más favorable para restituir la





Si seobserva laescaladistorsionadadeleje zde la figura,puede verseque el
ruidoestádentrode laprecisióndemedida,en torno a0,5mm.A laderecha
puedeverseunbordeafilado,anomalíaquepuededebersealhechodequeel
fondodel canalesdeacero sin cubrir,y las superficiesmetálicasdeben seren
principioevitadas.
Las imágenes que se muestran a continuación corresponden a los siguientes
caladosdeagua








































- Mayores calados corresponden a mayores caudales en el canal,
aumentando también la inestabilidad en la lámina de agua, que se
manifiestaenformaderuidoenlasúltimasimágenes.

- La variación según el eje x se mantiene dentro de la resolución del
equipo.
Tomandoelpromediodevaloresparatodoeldesplazamientoenzpodemosver
la curvatura y elevación en el plano (y,z). Para los diferentes calados
experimentalessepuedeobservar lamismaformaaproximadamenteparabólica
obtenidaenelestudioteórico.




y = 3,98E-04x2 - 1,09E-03x + 9,08E+01
R² = 9,87E-01
y = 3,21E-04x2 - 3,37E-04x + 7,34E+01
R² = 9,72E-01
y = 1,82E-04x2 + 6,06E-04x + 6,03E+01
R² = 9,20E-01
y = 1,23E-04x2 - 1,70E-03x + 4,59E+01
R² = 9,19E-01



























Si analizamos las curvas teóricas para ver la tendencia, podemos ver que se
aproxima mucho (R2=0.999994) a una parábola simétrica en la forma
0
2
2 ayaz  ,delaqueseseparaenelrangodelacurvapordebajodel0,004%.
Setrataráahoradeestudiarlatendenciadeloscoeficientesa0ya2enfunciónde






Sihacemos lamisma comparaciónpara los resultadosexperimentales tenemos
ungráficosimilar(a0enrojo,a2*100000enazul)
y = 5,28E-07x3 - 4,36E-05x2 + 3,46E-01x -
1,54E-01
R² = 1,00E+00
























con la transformación; en ese caso sólo sería necesario transformar la






y = 3,11E-04x2 + 2,69E-02x
R² = 9,76E-01

















Sin embargo lamedida de un fondo plano no permite determinar la posición
virtualdepuntos individualesparahallar la correspondenciabiunívoca con sus
coordenadasrealesydeshacerlatransformaciónqueintroducelarefraccióntaly
comosehizoenelapartado3.3.4.paraelplanocentral.




calibración y el segundomedir elmismo patrón bajo el agua para identificar
puntosindividualesenlasuperficiedeformadaporlarefracción.
Este procedimiento está basado en la medida de un patrón de calibración
consistenteenunaplacaplanaconpirámidesquepuedeverseen lafigura3.45.
Losvérticesde lasmismasformandenuevounplano,peroestavezconpuntos






con aerógrafo de color blanco mate de forma que no refleje el haz láser.










En eldiseño ymecanizadode laplaca sehadadoprioridad al acabado en los











bien los flancosperonoasíelvérticeen simismo,por loqueparaobtener su
vértice,laestrategiadeobtenerelpuntodemáximacotanoesválida.









El ajuste se hará en dos pasos: primero una correlación bidimensional para
obtener las coordenadas en planta del vértice, y luego una en vertical para
obtenersuelevación.

Para laprimeraelvértice de lapirámideparaelajuste zfit sedesplazaráenel























del máximo local del modo que puede verse en la figura, para realizar a











































cada una de ellas a la pirámide real en el sentido del error cuadráticomedio
(ECM)ydenuevohacerunainterpolaciónparabólicaparadeterminarelmínimo.

























Si representamos ahora la diferencia entre la pirámidemedida y la pirámide
sintéticaquerepresentaelmejorajuste,podemosverquelaimagentomadapor
elescáner redondea las aristas yel vértice,queesdondemás se separade la











la coordenada x (dirección de desplazamiento de la pistola), que hace que los






















Esta deriva tiene que ver con causas que dependen del sistema comercial
empleado y no del principio físico básico de la refracción, y que podrán ser
corregidas en postͲproceso o bien eliminadas con el uso de otro equipo. Una
manera sencilla de corregirlo, muy utilizada en equipos de video digital es




























En todosellosesapreciable lacurvaturade los ladosde la imagenhaciaarriba,
debidaa la refracciónenelplanoYZ.Elalgoritmodescritoenelpuntoanterior




posiciones de los vértices en el plano xy y éstas coinciden con los resultados











Las conclusiones del nuevo estudio con el patrón de calibración permiten
extender la relación [56] obtenida para la línea central en 3.3.4. y obtener las















111    [56]

Endondezr yzv son lascoordenadasmedidas (virtual)ycorregidas (real)de la
superficieobtenidaporelescáneryheselcalado.

Una vez demostrado tanto en los estudios teóricos y experimentales que la
restituciónde larefraccióndebehacerseúnicamenterespectode lacoordenada






2 ayaz  [57]

Endondelaconstantea0correspondealaelevacióndelalíneamediadadaporla
ecuación [56].Combinándolas, la forma finalde la ecuaciónde transformación













z mr  [58]

LosparámetrosC1aC3deberánserobtenidosantesdecomenzarelexperimento
con un ensayo de calibración. Dado lo relativamente costoso del mismo en



























transporte de sedimentos, se trató de medir simultáneamente el campo de















Sibien elobjetivo suministradopor el fabricante está en la gamadenominada








De las imágenesdelPIVpuedenextraersediferentes informaciones todasellas




Esta información también sirvió calibrar y ajustar los datos obtenidos con el
escáner.Además,ypuestoquedelaimagentomadapuedeextraersetambiénla
posiciónde lasuperficie libre,éstapuedeutilizarsepara lacalibraciónnecesaria
paradeshacer la transformación introducidapor la refracción. Ladesviaciónde
las medidas a lo largo del eje longitudinal de desplazamiento de Polhemus
















Tal y como sehapresentado, cuando se toman imágenesPIVdeun canal con
fondo erosionable, además de la posición de las partículas trazadoras, en la
imagenpuedeobservarselainterseccióndelhazláserconelfondodearena,así
como la interseccióncon lasuperficie libre.Ademásdeunobjetivoconcretode
losexperimentoscitados,estaparterepresentaunobjetivotransversaldelaTesis
Doctoral: estudiar algoritmos de visión artificial capaces de extraer un perfil
iluminadoporelláserenunaimagendigital.

Se trató entonces de programar una herramienta que obtuviese el perfil del
fondodemanera automática. El algoritmo sedesarrollóenel entornoMatlab,





de intensidadde luzo luminanciaenformatodenúmeroenterosde12bitscon





























Porun lado se estudió la correlación de las intensidades conuna campana de









Desplazando la campana deGauss en un entorno delmáximo de intensidad y
hallado los diferentes valores de convolución para cada desplazamiento, se
encontrará el que supone un máximo de coincidencia, valor que sin duda
representamejor la líneade interseccióndelfondo,eliminando ladistorsiónpor
ruidoqueseintroduceenlaimagen.










Finalmente, tomando grupos centradosde 11datos (5haciadelante y 5hacia
atrás) se comprobó que los valores obtenidos, comparados con los de
convolución, presentaban un error medio cuadrático (RMS) inferior a 0.5
milímetros Ͳes decir, por debajo de un píxelͲ y aleatorio. Es por ello que se
consideró esta segunda opción por requerir un coste de cálculo
considerablemente inferior, del orden de 180 vecesmenos de acuerdo con el
contadordeoperacionesencomaflotantedeMatlab.








muy importante o saturación en la intensidad, se conservará la primera como
alternativa. Este procedimiento será además la opción de elección cuando se
pueda controlar la iluminación porque con un perfil de dispersión de luzmás
homogéneoesposiblehaceruna interpolaciónsubpíxeltalycomoseveráenel








partes fácilmente identificables y que ya se trataron en el Estado del
Conocimiento: ladistorsiónde laperspectivamotivadapor laobservacióndeun









mayor de 4marcas permite corregir distorsiones de perspectiva y cilíndricas,
ademásdeposiblesdistorsionede refracción.Elempleodemásmarcasde las
necesarias permite tener información redundante y obtener las funciones que
más se ajustan por mínimos cuadrados ofreciendo el programa además una
medidadelacalidaddeesteajusteyportantodelacalibración.

El software PIV toma una imagen con unas marcas con una forma
predeterminadayque formanunamallacartesiana, localizándolasen lamisma
denuevocontécnicasdecorrelaciónestadísticaendosdimensiones.Enfunción













coeficientes se corresponden con una transformación muy aproximadamente
bilineal.

La secuencia en la que se realizan las operaciones tiene una influencia muy
importante en el coste computacional del procesado de datos. Si se corrige la
distorsiónde la imagenyde la imagencorregidaseextraeelperfil,elcostede
cálculo es unasmil veces superior a invertir estas operaciones, extrayendo el

















producido cambios significativos que han modificado sustancialmente la
disponibilidadyusabilidaddelasmismas.Detodoselloselmásimportanteesla












- De sistemas llave enmano cerrados que operan como cajas negras a




perfiles y superficies a un láser de nivelación de albañil y una cámara
convencional. En ese proceso se ha pasado de resoluciones espaciales de 1,2
megapíxelesa14yderesolucionestemporalesde5imágenesporsegundoa30.
Existencomosehavistomuchossistemascomerciales,peronohayenabsoluto




necesidades instrumentales y las técnicas y algoritmos de visión artificial para





Los requerimientos de cualquier láser necesarios para estos estudios son
sencillos: debe disponer de una óptica que lo transforme en un plano y debe
tener suficientepotenciaparapoder serobservadoporuna cámara,pero taly







del tipo empleado por los albañiles para situar referencias horizontales o
verticales para sus trabajos. El nivel de albañil empleado –modelo Z30859 de
PowerfixProfiͲesun láserdeclase2conunapotencia inferiora1mWycolor
rojo(635Ͳ650nm).FuncionaconpilasAA–eldelPIVconsume3KWͲydisponede

















vídeos con ajustes de sensibilidad ISO elevados (1600Ͳ3200), pero su clase de
seguridad 2 evita por otro lado tener que emplear rigurosos protocolos de
seguridadcomosucedeconeldeclase4delequipoPIVdellaboratorio.












Tal y como se detallará para algunos procedimientos la cámara ha estado
firmementesujetaaunaestructurasoporteyenotroslasfotografíassetomaron


















La calibración precisa con una imagen patrón depende fundamentalmente de
realizarbiendostareas:

- Posicionaradecuadamenteelplanode luz láserparaquecoincidacon la
medidaquesedeseatomar.

- Posicionar la plantilla con sus referencias en posiciones conocidas en
coordenadasglobalesrespectodelmontajeexperimental.

La imagenpatrónpuedeestar incluidaentodasycadauna de las imágenesde




las imágenes y en el que se obtendrá el perfil de la superficie por un




3.6.3. Corrección gráfica de la perspectiva. Medidas
semicuantitativas. Perfiles transversales de un dique de
escollera.

Cuando el patrón de calibración está incluido como referencia en todas las






















puente grúa de una nave industrial. Sobre dos guías de 12 metros –eje xͲ
soportadas por pilares anclados al fondo de la piscina se desliza una viga
transversal de 5 metros a modo de carro –eje yͲ cuya perpendicularidad se
garantizaconunmecanismodepoleascomoelparalexempleadoenlasmesasde

















cada cruz semantienen en la traslaciónpara tomar imágenesde cadaplano x














Para las necesidades de este ensayo concreto se ha espaciado la toma de
imágenes–yportantoextraccióndeperfilesͲcada25metrosdenuevoenescala
de prototipo, pero el procedimiento es igual de válido haciéndolo con perfiles
muchomáspróximosdelosqueinterpolarunasuperficie3D.Encadaunadelas




















































Conunáridode tamañodevarios centímetrosexisten zonasde sombraen las
que el perfil de láser no es observado por la cámara pero el resultado es
perfectamenteindicativodelaposiciónglobaldelmismo.













el perfil en forma gráfica sobre unos ejes coordenados. Sin embargo el
procedimientodescritopermitehacermedidascuantitativasidentificandomarcas




CoSSeDM sehan tomadomedidas completamente cuantitativas realizandouna
calibraciónconpatrón.






caso anterior sino una estructutra de barras compatible con el sistema de






medidas obtenidas se compararon después con la imagen obtenida por la
cámara. Las posiciones en píxeles de las dianas se obtuvieron por observación
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i j x z
30 229 19906 3989
32 1121 21750 3989
417 304 19906 2862




Resolviendoelsistemade8ecuacionesy8 incógnitasse tienen loscoeficientes
delatransformación

a1 1.945e+04 b1 3.940e+03
a2 Ͳ7.885eͲ01 b2 Ͳ2.615e+00
a3 2.030e+00 b3 1.246eͲ01











ydescubiertamaneraalternativapor los trenesdeoleaje. Lamaneradepoder
medirperfilesen losmomentosenquequedadescubiertaestomarunelevado
número de imágenes para asegurarse capturar ese instante. Las cámaras
disponibles permitían tomar secuencias de fotografías de 14megapíxeles a 5
imágenesporsegundoobiengrabarvideoenaltadefinición(1280x720píxeles)












enelmismo sealmacenan secuenciasde imágenesconunacompresión–ypor
tantopérdidadecalidadͲmayorqueenelcasodefotografíasindividuales.

Como se ha visto en el apartado dedicado a las imágenes PIV, todo el
procedimientosebasaen lacapacidadde lacámarade ‘ver’ la líneaproyectada
por el láser y del procesado necesario para extraer esa línea de manera
automáticaycuantificable.Controlandolailuminacióndelaboratorio,conelláser
presentado y unos ajustes ISO de 6400 se ha tomado las imágenes abajo
mostradas. La imagen de abajo es un cuadro extraído de un video en alta
definiciónde1280x720píxeles.Observadaendetalleesmuyvisiblelapérdidade
informaciónpor lacompresiónMPEGenformadebloquesde8x8píxelesen los



















Siseestudia laestructuradedatosde lacapa rojacomomatrizde imagenpor







Elpicode la izquierdade los trescentralescorrespondea la líneadel láser.Los




Los picos que no corresponden con el láser pueden verse también en la capa
verde,ytalcomosedijo,restándoladelacaparojapuedensereliminados.
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tiene una formamuy regular por lo que se podrá extraer la línea central con
muchaprecisión.En cualquier casoy tal como seviopara las imágenesPIV,el







Elprocedimientode extracción es el visto en el apartado 3.5.2,de correlación
cruzadaconunacampanadeGaussconunaanchurasimilaralaformadelacurva
































simple vista en la imagen un perfil claro, y el algoritmo tampoco es capaz de




errónea –se sabrá que lo es por comparación con las anterioresͲ servirá para









Unamaneramuy gráfica demostrar estomismo es representar la evolución
temporalde losperfilescomounasuperficie.En lafigura3.88puedeverseesta









Para tratardeautomatizarelprocesodeextracciónde losperfilesbuenosy los
momentosenel tiempoenque seproducen, seha realizadounamedidade la
diferenciamediacuadrática(RMS)dedosperfilesconsecutivoseneltiempo.















extraeren la línea temporalelmomentoprecisoparamedirunperfilcompleto
(rundown)requiereunprocesadoporpasosdelacurvadevaloresRMS.

Los picos que corresponden en la curva RMS –en azulͲ a cada evento de ola
individualnosonúnicosnitienenunvalorclaramente identificablesiempre,por
loqueelprimerpasodeprocesadoessuavizarlacurvapormediodeunamedia












































siguientegráfico con losperfilesapilados,en losqueapesardenohaber sido
convertidoaunidadesfísicasyapuedenverseclaramentefenómenosdeerosión,











Elmapeado a coordenadas físicas puede realizarse antes de la extracción del
perfil y trabajar con una imagen corregida o bien al finalizar el proceso y






Como conclusión, a lo largo de este apartado se ha desarrollado la técnica








































































4.1. Características de los sistemas de imagen como
instrumentosdemedida.

A lo largo del capítulo anterior se ha descrito el desarrollo de una serie de
procedimientos –ópticos y de procesado de datosͲ destinados a lamedida de
perfiles de fondo en distintas circunstancias. Se trata en definitiva de
instrumentosdemedidayportantoseestudiaránsuscaracterísticascomotales,
analizando su rango, precisión, veracidad y las diferentes fuentes de error, su
cuantificaciónyposibletratamiento.
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El rango –valor máximo y mínimo de las medidasͲ y el alcance –diferencia
algebraicaentre losdosͲdeestosequiposesclaramentevariableporcuanto la
utilización de diferentes distancias focales en las lentes de las cámaras, y su
posiciónmás omenos alejada del plano demedidamarca el área vista por la
cámara.Espor tanto lacaracterísticamenos relevanteaestudiarporcuantoes
ajustablea lasnecesidadesdecadaensayoysinembargounadesusprincipales
ventajas,alpoderusarseunmismoequipoparatomarmedidasconrangosmuy




paso de resolución en píxeles a resolución demedida en distancias reales. Su
cálculo puede realizarse por sencillas funciones trigonométricas a partir de las
distanciasfocalesempleadasylasdistanciasalplanodemedida,peroengeneral
seharáenelprocesodecalibracióncorrespondiente.
La resolución de todos los equipos presentados depende esencialmente de la
posibilidadde localizarunperfilenuna imagendigitalypor tanto la resolución
realenunidadesfísicasestarárelacionadaconlaresolucióndelsensordeimagen








un área vista –por simplicidadͲ de 429 milímetros en el mismo eje, la
magnificaciónseráde0,1mm/píxelylaresolucióndemedida0,1mm.
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Esporesoqueno se realizaráuncálculo teórico sinounanálisisestadísticode








de variación del fenómeno físico a medir. A lo largo de este estudio se ha
trabajadoconfenómenosrelativamentelentosenlosquelostiemposdemedida



















También es necesario conocer en que grado el proceso demedida afecta a la
propiamedida, si bien la principal característica de losmétodos empleados es
queenlaprácticanosonintrusivos.

Entre los factoresqueafectana la tomademedidasa lo largode loscapítulos
anterioressehaenumeradolossiguientes.

Ͳ La turbidez del agua, y su límite para tomarmedidas en función de la
potenciadelláser.
Ͳ La distorsión introducida por la refracción y la posibilidad –o noͲ de
restituirla, así como sus variaciones cuando la lámina de agua es
inestable.
















que se trata demedidas indirectas. Lamedida depende del valor dado por el
escánercorregidoenfuncióndelaposicióndelaláminadeaguamedidaporuna




















correlaciónmuy próxima a uno (r2=0.9998 para C1, r2=0.9977 para C2), y sus




e introduciendo losvaloresobtenidosen lacalibración,obtenemoselerrortotal
enlamedidadelaselevacionesrealesdelfondo.

οݖ௥ ൌ ටቀ ଵ஼మ ή οݖ௠ቁ





















z mr  [65]

En donde y es la coordenada transversalmedida por el escáner con lamisma





οݖ௥ ൌ ටቀ ଵ஼మ ή οݖ௠ቁ
ଶ ൅ ቀ஼భ஼మ ή ο݄ቁ























Para el caso de las imágenes tomadas con PIV, la resolución de la cámara del







Ademásde realizaruna interpolación subpíxel y tal y como se vio en elpunto








interpolación subpíxelo el suavizadoͲ excedían conmucho lasnecesidades del
estudio se dio por válida sin realizarmedidas repetidas para poder hacer un
análisis estadístico. Lamejor estimacióndisponibledel errordemedida espor
tanto esa, una precisión de 0,15 mm. Sí se realizaron sin embargo medidas










La resolución demedida se establece en función de las imágenes analizadas








































































x El fondoplanodelcanal,conunavariación sobreunplano idealde0,1
mm.










largo de los ensayos. Para ello se ha empleado un bastidor rígido con una
toleranciadedesplazamientomenorde0,1mmpor loque lasmedidastambién








plano.Elpatrónhasido impresoconuna impresora lásery laseparaciónde las
marcashasidocomprobadaconunpiede reydeprecisión0,1mm.Ademásel
patrónpuedevermuchasmáscrucesdelasnecesariasparaobtenerlafunciónde





















En el caso de lasmedidas tomadas con la cámara digital para los diques de




















medidas directamente sobre ésta con la escala gráfica que presentaMatlab al
importarlasimágenes.Lasdianassoncírculosconunasdimensionesfísicasde25
milímetros y tamaño en imagen aproximado de 10 píxeles. Esta precisión
















en todas las imágenes demodo que puede hacerse una calibración en cada
medida.

Sin embargo la posición de las dianas y la cámara se ha mantenido con los
soportes fuertementeancladosa laestructuradelcanaly lagrabacióndevideo
en lugardetomadefotos,quenohacevibrar lacámara.Estopuedeobservarse



































son realesͲhacequeel ruidoseamuy identificableenellosyenestecasomuy
fácilmente filtrable. Unamediamóvil centrada con elmismo periodo que las




































































pero puede ser fácilmente automatizado a través de una transformación de
Fourier.
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aunque la posición absoluta de la superficie sea conocida con un intervalo de
confianza igual al error sistemático, éste semantiene constante endirección y
sentido durante todo el experimento. Así la posición relativa de los perfiles
respecto de cualquier referencia, típicamente el perfil inicial, puede conocerse
conunintervalodeconfianzaigualalaresolucióndelsistema.

Tal y como se ha visto en el caso de la erosión de la zona de swash, el error
sistemático  es de 3mm y la resolución demedida de 1mm, y ésta será la























Como puede apreciarse la principal mejora se encuentra en la resolución








































































Las aplicacionesprácticasde las técnicasdemediciónde fondosde sedimentos
desarrolladashanrespondidoanecesidadesrealesdeloslaboratoriosdelaETSde
Caminos,Canales yPuertos ydelCITEEC–ambos casosde laUDCͲasí comoun
trabajodecolaboraciónenunproyectoeuropeodentrodelainiciativaHydralab.

Las técnicas desarrolladas con el escáner 3D y el PIV se emplearon para la
validacióndeunmodelonuméricodetransportedesedimentosdentrodelcampo




Las técnicas desarrolladas con el equipamiento convencional de bajo coste


















La primera aplicación práctica de las técnicas descritas en el capítulo 3 fue la
validacióndelmodelonuméricode transportede sedimentosen ríos y canales,
trabajoqueconstituyólatesisdoctoraldeunodeloscodirectoresdeestetrabajo
EnriquePeña(2002a).Setratadeunmodelonuméricobidimensionaldesacoplado




hidrodinámica y el transporte de sedimentos utilizando el Método de los
VolúmenesFinitos.

Elmodelo es válido para el estudio del transporte de fondo de sedimentos no
cohesivos y la validación experimental del mismo se realizó con este tipo de





Durante este trabajo de validación se han empleado las dos primeras técnicas
presentadasenelcapítulo3:





Sibienelmodelonuméricoobtiene información tridimensionaldel fondo,enel
citado trabajo losresultadosdelescáner3D fueronestudiadosúnicamenteenel
plano central del canal para obtener el correspondiente perfil 2D y no en tres
dimensiones.Esteplanocentraldelcanalydesimetríadelhazláserdelescánerse
hicieron coincidir con el del PIV para de esta forma comparar las series de
resultadosexperimentales.

Los resultados fueron así comparados entre sí y con elmodelo numérico para







mismo con el caudal circulante permitiendomedir la primera variable, lo cual
resulta mucho más sencillo. Sin embargo la relación alturaͲcaudal teórica (o









de experimentación hidráulica de la Escuela Técnica Superior de Ingenieros de


















que no se insistirá en ello ahora, pudiéndose ver en las imágenes siguientes
fotografíasendetalledelosmismosydesuusoenelcitadocanal.
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En todos los casos las mediciones se espaciaron en el tiempo de manera no
regular,más cercanasentre sí al inicio,dondedeproduce lamayorpartede la
erosión,ymásseparadasalfinalcuandoseestáalcanzandoelperfildeequilibrio.

El primer ensayo, con caudal fijo, fue realizado introduciendo una capa
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aguas abajo. Los resultados experimentales indicados en ella fueron obtenidos
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el PIVde acuerdo con el análisisdel capítulo 4, lasmedidas sehan tomadode
manera automatizada sin la intervención de un observador y en el centro del
canal, evitando el efecto de borde que se produce en las medidas realizadas
visualmentecontraellateralacristaladodelcanal.Otrosposiblesequiposcomolos






















Adiferenciade lamayorpartedediquesen losque ladireccióndepropagación
deloleajeesperpendiculara losmismos (ypor tanto lascrestasde lasolas son
paralelasaellos),enestecasoladireccióndepropagacióndeloleajeesparalelaal











- Estabilidad de los elementos estructurales de losmantos, troncos y





- Estabilidad del tronco del contradique y del espigón.Obtención del





primeras secciones tras él, el método empleado habitualmente es contar el








Sin embargo en el caso del tronco del dique hecho con escollera de roca –
representadaenellaboratorioporgravacalibradaͲ,estemétodoesmejorableya
queparaunestudiodetalladoseríannecesariasmuchasseccionescoloreadas.Por








































del modelo físico respetando los criterios de semejanza, se engloban en tres
grupos:materialparalosnúcleosdecontradiqueyespigón,materialdelmantoen
ambos casos, y bloques cúbicos de mortero. La siguiente tabla muestra las




cumplir tanto el diámetro medio (d50) del material prototipo como la
densidaddelmismo.Asípues,seescogióungarbancilloded50=7mmpara
elnúcleo.

















Comopasoprevio se realizaronunos ensayosde calibraciónpara comprobar la
correcta generación y propagación del oleaje, así como de los coeficientes de













con un periodo pico (Tp) de 18 segundos. Las condiciones demarea impuestas
paraestudiarlasdistintaspartesdelmodelofueron:

- Bajamar, correspondiente al NMMA, para validar las secciones de la
berma,labioyespigónsumergido.









Paraelproyecto seestudiaron cincoalternativasdiferenteshasta conseguiruna







En la alternativa final, al igual que en las anteriores, los daños sufridos por la
armaduradeescollerafueronmínimos,limitándoseapequeñosmovimientos.Los
movimientos correspondena recolocacionesdepiezasdeescollera, cuyoefecto
noprogresaenningúncasohaciadañosmayores.En las siguientes imágenes se
puedeobservarelperfiladodeuna seriede seccioneselegidasmarcadaspor su
distanciaenkilómetros(puntokilométrico,PK)alabasedeldiqueenlacosta.

Seprocesaron y se compararon losperfilesde los taludesdelmodeloprevios y
posterioresalensayo,cuantificandodeestemodolosdesplazamientos,erosiones
oacrecionespresentesenlostaludes.
Los perfilados de los troncos de escollera aparecen en las siguientes páginas,















Elmayordañoque sealcanzóenel taludexterior fuede1metro,enelPk350
comomuestra la figura 5.15.Dicho daño fue ocasionado por las piezas que se
desplazaron en la transición (bloques 20 Tn a escollera), provocando pequeños
desperfectoseneltalud.
Talycomopuedeverseenlasfiguras,estatécnicapermiteverzonasconcretasde









En el caso del talud interior, el daño es mínimo, limitándose a pequeñas
recolocacionesenelPk325.Apesarde tratarsedeundiqueperpendiculara la
líneadecosta,esunazonamenosexpuestaynoseproducerebase.































La sección transversaldeunaplaya adquiere su forma gracias a lasolasque se
desplazandesdemaradentrohacialaplayayrompenenlazonadesurf,dondese
producenbarrasdearena.
Lazonadeswashes lapartede laplayaqueseextiendeentreel límitedel"runͲ
down"(nivelmásbajoalcanzadoporeloleajeenlaplaya)yellímitedelremonteo
"runͲup" (nivelmásaltoalcanzadoporeloleajeen laplaya).En lapartealtade
estazonaseformanlasbermas(swashbars),acumulacionesdesedimentodebidas
aesemovimientode lasolas.Entrebarraybermaexisteunadepresión llamada







incrementadonotablemente.El conocimientode lahidrodinámicaha crecidode
manera importante, pero no puede decirse lo mismo de la dinámica de los
sedimentos.
A pesar de los avances más recientes, el conocimiento y las capacidades de















deobservar las interacciones fluidoͲsedimento sobre todoel contorno.Porotro
lado, la mayoría de los equipos que existen actualmente distorsionan el
movimientodelaguaylosflujosdesedimento,limitandosucalidadyeficiencia.
ElproyectoHydralabseinicióen1997,tratandodistintoscamposdeinvestigación:
hidráulica, dinámica de fluidos, buques e ingeniería del hielo. Tras su primer
periodo(1997Ͳ2000)sedecidedarcontinuidadaltrabajoenesosmismoscampos
conHydralabͲII(2000Ͳ2004),HydralabͲIII(2006Ͳ2010)eHydralabͲIV(2010Ͳ2014).
El proyecto SANDS (Scaling and Analysis andNew instrumentation forDynamic
bedtestS)seencontrabaintegradoenHydralabͲIIIyestructuradoentresgrandes
bloques, el primero de ellos enfocado en el desarrollo de instrumentación,
particularmenteacústicayóptica.






















el transporte totalde sedimentos–en suspensiónyde fondoͲy laevolucióndel














Enelaño1997elcanalCIEM fue reconocidocomo“LargeScaleFacility”por la
dirección general de investigación de la Comisión Europea (EU). Igualmente y








hace que sea posible generar oleaje en condiciones de aguas someras e
intermediasdehasta1,6metrosdealturaycorrienteshasta2m3/s.Elgenerador
deoleajeescapazdeproduciroleajeregularyespectralconabsorciónactiva.
Para el proyecto CoSSeDM se emplearon de manera simultánea hasta 50
instrumentos para medir la hidrodinámica, los fenómenos de transporte de






El transportede sedimentos semidiópormediode sensoresópticos (OBS)yun
tanque con electrodos de conductividad (CCM Tank) y la hidrodinámica con
velocímetrosdoppleracústicos(ADV).























La instrumentación se completa con la medida del oleaje con sensores de







los procesos de transporte y la evolución del perfil, se diseñaron test en
condiciones que pudieran ser repetidas. Se realizaron en 8 series de 125 olas
representativasdeuntiempodealrededorde4horas.Algunosensayosprevios
demostraronqueenesetiemposealcanzabaunasituacióndecuasiͲequilibrioen
la erosión del perfil. Entre ensayo y ensayo se reacondicionaba la playa para
volver a su perfil inicial plano. Los test fueron repetidos para colocar la
instrumentaciónendiferenteszonas,enparticulareltanqueCCM.

Los ensayos se realizaron con oleaje bicromático produciendo condiciones
erosivasyacretivassobreunaplayadearenaconpendienteinicial1:15.Elusode
oleaje bicromático fue ideado para obtener un mismo espectro y contenido






de 30 minutos (limitación debida al tamaño de archivo) por lo que
periódicamente es necesario volver a pulsar el botón de grabación y se ha











H1(m) f1(Hz) H2(m) f2(Hz) H/wsT Iribarren
Condicioneserosivas
BE1 0.29 0.303 0.25 0.237 3.089 0.429
BE1_2 0.30 0.303 0.25 0.237 3.121 0.427
BE2 0.28 0.30 0.26 0.240 2.827 0.448
BE3 0.30 0.295 0.28 0.245 3.518 0.402
BE4* 0.288 0.252 0.036 2.5
BE4_2 0.29 0.288 0.28 0.252 3.272 0.417
Condicionesacretivas
BA2 0.11 0.234 0.10 0.175 0.871 0.831
BA3 0.10 0.227 0.08 0.181 0.846 0.844




Tal y como se describió en los apartados 3.6.4 y siguientes, se diseñó e





de 125 olas) de ensayo. El algoritmo que obtiene los perfiles a partir de la
grabación (en principio en unidades de imagen en píxeles, que serán después










Lascrestasquepuedenverseen laevolución temporalcorrespondena lasolas
cubriendo lazonadeswash.Afaltadequeunanálisisposteriorpudieseextraer









Los perfiles apilados ya se mostraron en la figura 3.91. La siguiente imagen

















































































En el punto inferior se produce una erosión de 36 milímetros, en el punto
intermedio elperfilbascula, y en elpunto superior seproduce acreciónde23
milímetros.

En el caso del experimento presentado aquí, la grabación se completa con 5
archivosdevideo.Lasincronizaciónde losmismossepuederealizarapartirde
losmetadatosEXIF incrustadosen losmismos,que indicanelmomentopreciso
del comienzo de la grabación. La sincronización con el resto de instrumentos
puedehacersedemanera sencillayaque loseventosdeoleaje son fácilmente
identificables también en ellos. En el proceso de cambio de batería y tarjeta




























































tal y como se ha insistido a lo largo del trabajo, es la posibilidad de obtener
superficies de lechos de sedimentos de manera no intrusiva, completamente
automatizada y en régimen no permanente. Los datos y la precisión obtenidas,
detallada en el capítulo 4, hacen que se trate de herramientas con unas
capacidades no vistas hasta ahora. En determinadas condiciones además esas
medidaspueden tomarsebajouna láminadeaguamanteniendo lascondiciones
nointrusivas.

Las resoluciones espaciales y temporales demedida sonmuy elevadas, si bien
sucede algo parecido a la expresión del principio de indeterminación de
Heisenbergydebeelegirsecuáldeellasesmásimportante.

Si la resolución temporal es la variablemás importante del ensayo, la cámara
empleadaalcanzalas30imágenesporsegundocuandograbavideoylosmodelos
más recientes alcanzan 60. Naturalmente existen cámaras de alta velocidad
científicas capaces de elevarmucho este valor pero para estudios de erosión y
sedimentaciónnotienenunusoclaro.

Esta velocidad de adquisición tan elevada permite por un lado observar
fenómenos rápidos como el runͲdown en una playa, y por otro desplazar el
instrumento de medida de manera ortogonal al plano láser para obtener
superficiesenlugardeperfilesenelcasodeensayosmáslentos.

Si por el contrario el ensayo es cuasiͲestático y lo importante es la resolución
espacial, las cámaras empleadas de 14megapíxeles alcanzan una resolución de
1/4500veceselcampodemedidaenhorizontal,delordende1mmparaunperfil





También pueden adquirirse ahoramismo cámaras de video con una resolución













parte de las limitaciones de estemétodo vienen dadas por dos circunstancias
ajenasalmismo:

- Laescasapotenciadel láser,ysu reducidapenetraciónenaguas turbias,
muyfrecuentesenestosensayos.
- Los errores derivados del sistema de posicionamiento por campos
electromagnéticos.





fabricante y sin posibilidad de modificación alguna. Puede utilizarse en unas







sistema de posicionamiento problemático, y lomás importante, es un sistema
completamente abierto en el que puede programarse la adquisición y
reconstrucción de datos, la restitución de la refracción, y puede emplearse el
número de cámaras que se considere oportuno. El sistema consta de un

































En estemontaje, en lugar de hacer el desarrollo teórico y la calibración de la
refracciónvistoen lospuntos3.2y3.3,yqueerannecesariosportratarsedeun









de experimentación típicos en 30 a 40 centímatros. Este hecho hace que
potencialmente sepueda trabajar connivelesde turbidezalgomáselevados, lo
queconstituíaunadelaslimitacionesbásicasdeadaptarunsistemacomercial.

Laotra limitación intrínsecaalsistemaPolhemus3D, la interferenciadelsistema
deposicionamineto con camposelectromagnéticos,queda tambiéneliminadaal
no emplearse el mismo. En su lugar es únicamente necesario un sistema de









luzortogonales. Enmuchasocasiones, como es el casode la erosiónproducida
aguasabajodeunapiladepuente,enlugardeobtenerunasuperficiecompletade
la socavaciónproducida,puede ser suficienteobtenerdosperfiles transversales
para con ellos hacer una estimación del volumen dematerial erosionado. Ello
requiere una calibraciónmás cuidadosa en dos planos con un patrón, pero sin




















El empleo de un láser de mayor potencia lleva asociado necesariamente la
adopcióndeprotocolosdeseguridadmásestrictos,peroporotroladopermiteel




otras líneasdetrabajoen lasqueseemplea iluminación lásercomoeselestudio




















resolución y menor compresión de datos en el formato de archivo MPG. La
aparición reciente de modelos de cámaras compactas con objetivos




























































Esta diferencia podría estar relacionada con la retirada más lenta de la ola
formando una capa de sedimentosmóviles –sheet flow layerͲ denominado en
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This work presents the tools of the Fluvial Hydrau-
lics research group of University of A Coruña,
Spain,  is using in laboratory experiments. Past re-
search developed bidimensional numerical models to
estimate the flow and sediment and pollutant trans-
ports, using Finite Volume and Finite Element
Methods. An important effort was made to acquire
precise and new instrumentation tools to validate
and calibrate these models. 
2 PARTICLE IMAGE VELOCIMETRY (PIV) 
INSTRUMENTATION
PIV has become an important tool for non-intrusive
measurement of flow phenomena. The principal ad-
vantage of the system is its ability to measure the
whole velocity field in a plane at the same time. This 
is important not only to save time in stationary flows
but also to measure unsteady phenomena up to 5
times per second.
The flow is seeded with tiny particles, the so called 
tracer, in this case 70 micron glass spheres. By cyl-
inder optics a laser beam is formed to a light sheet. 
The double pulsed Nd-YAG laser illuminates the
tracer in this plane twice within a short time interval. 
The light scattered by the particles is recorded in a 
double frame of an ultra-fast shuttered CCD camera. 
Assuming that tracers follow the flow with the local
velocity, from the position of the particles in the first 
and second frame and the delay time between them, 
the velocity field of the hole plane may be com-
puted. The digital recording is divided in small su-
bareas (interrogation windows) and statistical corre-
lation techniques determine one local displacement
vector for each window.
Figure 1. Operation of Particle Image Velocimetry
instrumentation
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ABSTRACT: Flow and sediment transport processes require, increasingly, experimentation studies in order to 
validate the numerical models and to estimate variations in rivers and channels. Modern technologies are pro-
viding tools used in hydraulic and morphological research, making easier experimental field and laboratory
work. This research shows real time velocity and displacement fields, in order to estimate variations in hydro-
dynamics, riverbed or shear stress. Particle Image Velocimetry and 3D Scanning instrumentation are used to 
determine velocity field, water depth and bed evolutions in a laboratory flume. Taking into account the refrac-
tion of the water, these tools provide high-resolution  results to estimate real time displacement of sediments 
in the channel and the evolution of the velocities. Experiments with sediments of various grain sizes and flow
conditions are being held in the Civil Engineering School and CITEEC installations of the University of A
Coruña, Spain.
Particle Image Velocimetry includes an automatic
calibration procedure with a pattern introduced into
the flow that assures the correct relationship between 
absolute distances (and thus velocities) and the pix-
els in the camera frames. PIV correlation techniques 
allow to discriminate displacements of 0.1 pixels, so
that if the interrogation area is chosen to be 32x32
pixels and the particles move from the centre to the 
border, the accuracy is about 1%. This calibration
also allows to measure the bed profile, illuminated
with the laser and recorded in the frames.
3 THREE-DIMENSIONAL SCANNING
INSTRUMENTATION
3.1 Origin and application
The use of 3D laser scanner to digitize the surface of 
an object is a well known technique. The principle
of operation is to project a fan of laser light on the 
object while two cameras view the line with differ-
ent perspective, just as our stereoscopic vision does. 
There are some available commercial equipments
which provide the hardware and software needs to
do the complete measure of the surface, and export 
the data to several industrial standard formats. The
aim of this study was to provide an experimental set-
up to scan the surface of an object under water. This 
requires to retrieve the transformation produced by
the refraction of the laser beam.
Figure 2. 3D Scanning Instrumentation
The facilities will then be used to study transient
flows involving erosion and sedimentation in rivers,
estuary and coastal regions, using the scanner to
digitize the bed profile. Measurements were made
by smoothly sweeping a lightweight gun (or ‘wand’)
over the object, in a similar way as spray painting, as 
seen on figure 2.
An automatic translation stage was used to assure
rectilinear moving of the wand, necessary to undo
the refraction deformation of the image backwards.
The software of the scanner exports a cloud of points 
and a triangle mesh transformed by interpolation to a 
regular mesh in the bottom xy plane, so comparisons 
may be performed in normal z axis.
3.2 Refraction problem
When the laser fan of usually 25 degrees of diver-
gence enters the water refraction must be taken into 
account. The images of the line over the objects
viewed by the cameras have the same bending prob-
lem of the light direction. The first measurement ap-
proach involves a plane water surface normal to the 
laser beam and accounts only for the central line of
the surface profile. Thus only refraction on the cam-
era images occurs, and this only happens on the xz
plane. In this central xz plane, the refraction can be 
shown in next figure 3.
Figure 3. Refraction of laser fan in water
zv  = 0,7385.zr
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3.3 Calibration of 3D Scanning instrumentation
Three dimensional Scanning instrumentation needed
many experiments in order to take into account the 
refraction problem, allowing adequate measure-
ments. First, images of the channel bottom were
taken under different water depths, to measure the
apparent (or virtual) depth. Representing this eleva-
tion r (or offset, with and without water) compared
with water depth y, the results may be linearly corre-
lated (Figure 4)
Figure 4. Comparison between water and offset depths 
(x axis  is water depth, y axis is depth offset)
In the second series of experiments a concrete cali-
bration pattern was introduced in a 50x50 cm, 15 m 
long current flume to study again the central xz plane 
(x along the flume, z normal to the flume bed). Fig-
ure 6 shows that once the real depth (obtained in the 
first experiment) is subtracted as an offset, the stone 
virtual profile does not vary with different water
depths, and the relationship between the real zr and 
the virtual profile zv is almost linear if heights z are 
compared.
Figure 5. Profiles of concrete pattern with variable depth
Figure 6. Comparison between real (x axis) and virtual levels (y
axis), correlation R2= 0.9956
4 CAPABILITIES OF PIV AND 3D SCANNING
TOOLS
4.1 Coupled operation
The potential of these tools is the possibility of
working coupled. PIV outputs are velocity distribu-
tion in each vertical water column and the evolution
of the sediment surface. These data also allows to re-
late measurements with other variables related with
this phenomena, like shear stress, shear velocity or 
the prediction of erosion and sediment displace-
ments, and its relation with bedload transport formu-
las.
Scanning instrumentation define the bottom evolu-
tion in the three directions of the zone of study.
Coupling these instruments, real time measures of
the whole velocity field and the bed profile can be
obtained, not only in the xz plane but also normal to 
the flow direction.
4.2 Case study
In the next paragraph an example that we developed 
using both PIV and 3D Scanning instrumentation is
presented, analysing the processes of erosion and
hydrodynamic evolution of an specific problem.
The Neyrpic weir is a common discharge measure-
ment structure, with a well known depth-discharge
curve. Weirs and spillways require geometric speci-
fications that may vary in time due to colmatation
processes. A particle image velocimeter (PIV) and
3D Scanning instrumentation were used in this ex-
periment to study the change in the flow conditions,
testing and validating a hydrodynamic and sediment
transport numerical model. Velocities, depths and
sediment elevations were measured to analyse the
loss of efficiency of the Neyrpic module while geo-



























Figure 7. Experimental set-up for Neyrpic weir
The PIV allowed to measure both the velocity field 
and the bed profile showing the sediment upstream
the Neyrpic. Some tests reached the equilibrium pro-
file with different flow conditions.
The Neyrpic weir was inserted in a 50 x 50 cm, 15 m 
long flume of variable slope and discharge up to 100 
litters per second. In the central channel section an
extruded polystyrene Neyrpic weir was placed with
its upstream section under the laser fan of the PIV
system. Cameras recorded images of a xz plane,
allowing record velocity fields in the hole plane and
the profiles of the bottom and the water surface. The 
results from the PIV system were also used as a ref-
erence to test a 3D scanner that digitises the bed sur-
face. The flow was seeded with 70 micron ceramic
particles.
Figure 8. Neyrpic weir with 1 mm sand simulating a broad-
crested weir
Sediment transport was studied under two different
discharges, 40 and 70 l/s. The channel was horizon-
tal for both tests, covering the Neyrpic module with
a median diameter sand of 1 mm simulating a broad-
crested weir. Experiments were finished when no
more variation of the measured channel bottom was
detected.
Figure 9. Final bed profile 
Figure 10. Evolution of sediment surface with time using PIV, 
for a discharge 70 l/s, median diameter of sediment 1 mm
Figure 11. Velocity field upstream of Neyrpic weir using PIV 
for conditions as in Figure 10 
5 CONCLUSIONS
Two high accuracy tools to be used in riverbed and 
sediment transport studies have been presented. Par-
ticle Image Velocimetry can measure real time ve-
locity and shear stress fields and a 3D surface scan-
ner is giving us accurate measures of the temporal
evolution of the sediment surface. The coupling of
both technologies allows us to acquire data of un-
steady phenomena under water with a non intrusive
technique. These data will be used to calibrate nu-
merical models for both the hydrodynamics and the
erosion and sediment transport, as well as to study
actual hydraulic structures at the laboratory or in the 
field. After a calibration of the whole system to
work together, one practical study of the loss of effi-
ciency of a Neyrpic weir with sediment transport has 
been presented.
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ABSTRACT
In nature, certain connected water bodies produce exchange gravimetric flows due to 
density differences, caused by variable concentrations of elements such as salt, sediment, or 
temperature. This study presents a brief description of these kinds of flows, including an 
experimental study of stratified exchange flows over a submarine sill. The hydrodynamic 
characterization has been developed using imaging analysis techniques and Particle Image 
Velocimetry in order to characterize the exchange gravimetric surface and the velocity fields. 
The results are compared with those obtained with a bidimensional numerical model that 
applies the finite volume method to the depth-averaged two-layer flow equations (García, 
2005).
Keywords: Stratified exchange flows, Internal hydraulics, Particle Image Velocimetry, 
Hydrodynamics 
1  INTRODUCTION 
Two-layer flows are common in studies involving river mouths and estuaries, 
oceanographic currents and atmospheric flows, since different densities appear in water or air 
domains. Another typical situation is the transport of pollutants in rivers or other locations, 
when these pollutants have a significant variation in density or temperature with regard to the 
water body. These types of flows are clearly identified since there are two different layers. 
Hence, the flow is stratified into two water bodies, one on top of the other.
A clear example of these flows would be the exchange water flows in the Strait of 
Gibraltar. In this case two layers between the Atlantic Ocean and the Mediterranean Sea are 
present. On the one hand, the cold and less saline water bodies from the Atlantic Ocean rise 
up to the surface and penetrate the Mediterranean Sea. On the other hand, the warmer, denser 
water bodies from the Mediterranean Sea flow thorough the Atlantic Ocean. 
Fig. 1 Wave generation in the exchange two-layer flow in the Strait of Gibraltar 
The objective of this work is to develop a series of hydraulic tests with two-layer flows to 
analyze the shear stress interactions and the whole problem process. Secondly, the 
experimental results are used to compare and validate a bidimensional numerical model 
applying finite volume method to depth-averaged two-layer equations, developed by the 
Research Group Mathidro, to which the authors of this communication belong, and 
developed, by García (2005). 
The hydrodynamic characterization was carried out through Particle Image Velocimetry, 
a non-intrusive technique used to obtain the whole velocity field on a plane at any time in 
unsteady flow. The application of this technique in two-layer flows is relatively recent and has 
moved forward to validate both numerical and theoretical models with high precision 
experimental results (Zhu and Lawrence, 2000; Negretti et al., 2005). Other research works 
have been focused in the developing of interfacial instabilities (Zhu and Lawrence, 2001), 
mixing and entrainment processes (Pawlak and Armi, 1998; Morin et al., 2004). 
 In this work we present the experimental results of a two-layer flow in a channel with a 
Gaussian bell- shaped submarine sill. 
2  HYDRAULICS OF EXCHANGE FLOWS 
Preliminary studies of two-layer flows were carried out by Schif and Schonfled in 1953 
(cited by Negretti et al., 2005). These authors extended the one-layer hydraulics to two-layer 
hydraulics in estuaries. Armi (1986) and Farmer and Armi (1986) systematized the two-layer 
bidirectional flows by analysing hydrodynamics as the boundary conditions changed. This 
theoretical study, commonly known as internal hydraulics, is the frame of reference for two-
layer flows.
In this paper the theoretical study is focused on interactions with a bidimensional 
obstacle, a submarine sill placed in a rectangular channel with a constant section that connects 
two water bodies having different densities. The water body located on the left-hand side of 
the channel is the one with greater density, while the one on the right contains less saline 
water. In this case, the upper layer moves from right to left. The flow depth is represented as 
H.  Fig. 2 presents a scheme of this two-layer process.  
The main tool used to analyze the stratified flow in internal hydraulics is the location of 
the internal control points. Farmer and Armi (1986) proved that in the scheme presented in 
Fig. 2, there are two potential control points: one located over the sill and the other one at the 
beginning of the left-hand side of the channel (entrance of water with greater density). At 
these points, the flow is critical and the composite (or internal) Froude number is unity (Armi, 
1986). This parameter is defined as:  
2 2 2
1 2G F F   (1) 
where G is the internal Froude number and Fi is the densimetric Froude number defined 









  (2) 
where Ui is the mean velocity of layer i, g’ is the reduced gravitational acceleration 
defined as g’=g(U2-U1)/U2, where U1 and U2 are the density of the upper and lower layer 


























Fig. 2 Scheme of two-layer flow over a submarine sill a) plan view and b) side view 
section (after Zhu y Lawrence, 2000) 
If G<1 the flow is internally subcritical, whereas if G>1 the flow is internally 
supercritical. The flow is internally critical if G=1. These kinds of regimes can be obtained 
with the modification of the interference depth y2R in the water body with the greater density. 
The locations with G=1 are defined as internal hydraulic controls. Farmer and Armi 
(1986) identified two basic typologies of flow: maximal exchange and submaximal exchange 
flows, depending on the number of internal controls. In this way, maximal exchange flows are 
characterized by the presence of two internal hydraulic controls, whereas the submaximal 
exchange flows have only one internal control.
The large waves produced in the exchange of the two layers cannot propagate out of the 
supercritical regions, but they are able to do so in the subcritical locations. As mentioned 
earlier, there are two control points in maximal exchange flows, so the flow is isolated 
between these two sections, and the modifications of the water body boundary conditions 
cannot be communicated through the channel if G > 1.
The exchange flow is commonly analyzed as two layers of a non-viscous homogenous 
flow. The vertical velocities are negligible and usually omitted. As a result, the pressure 
distribution is assumed to be hydrostatic, so shallow water equations are applied to each layer. 
The results of the analysis are the flows and thickness of each layer.  
Nevertheless, the bottom and inter-layer friction must be introduced into the analysis. 
Hence, the values obtained must be decreased. Also, the velocity gradients of the exchange 
layers may produce hydrodynamic instabilities in the water surface leading to vertical mixing 
and flow entrainment at the interface of the two-layers (Zhu and Lawrence, 2001). Another 
key factor is the curvature of streamlines in certain situations, for example the submarine sill 
studied in this case, which may affect the pressure distribution flow (Zhu and Lawrence, 
1998).
These circumstances may invalidate the internal hydraulics hypothesis. Some studies 
warn of this hazard and also cite the lack of accuracy of some theoretical solutions for a two-
layer flow over a submarine sill (Zhu and Lawrence, 2000, Morin et al., 2004). 
3  EXPERIMENTAL INVESTIGATION 
The main purpose of this work is to analyze the exchange flow produced in a channel 
with a submarine sill, in order to obtain high-precision experimental results and compare them 
with those obtained using the numerical model developed by García (2005).  
The series of tests with a two-layer flow were developed in the Center of Technological 
Innovations in Construction and Civil Engineering (CITEEC) of the University of A Coruña 
(Galicia, Spain). The tests were conducted in a channel closed at both ends, 20 meters long 
and 0.6 meters wide, with the measurements focussing on a narrower section, 1 meter in 
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Fig. 3 Hydraulic channel, submarine sill and water bodies  
A sill was placed in the bottom of the channel. The shape of the sill is described by the 
following equation and is also used in the numerical test of the numerical model: 
2
225( ) 15  for -30<x<30
x
h x e   (3) 
A pneumatic barrier was placed over the sill crest in order to divide the flume into two 
reservoirs. Tests were carried out with a water depth of 30 cm. An amount of salt (10 kg of 
NaCl) was added to the left-hand reservoir and was mixed with the aid of a mechanical 
stirring rod. The density of each water body was determined using the tables for a sodium 
chloride solution from Lide (1997). With this amount of salt, a reduced gravitational 
acceleration g’ value of 1.9 cm2/s was produced for the experimental procedure. 
Prior to the PIV experiments a test was carried out with a conventional video camera and 
Rhodamine WT colorimetric tracer in the left-hand reservoir. Images recorded with this 
camera have a resolution of 720x540 pixels and a 25 fps frame rate. For PIV experiments the 
water in both reservoirs was seeded with glass spherical particles of 10 Pm and a specific 
density of 1.05. PIV equipment, manufactured by LaVision, has a Nd:Yag laser and was 
configured for collecting images at a frame rate of 2.5 Hz . 
PIV tests were conducted for 5 minutes, which enabled us to analyze maximal exchange 
flow. A digital CCD camera with a 1024x2024 pixel resolution was used to record a 
visualized domain of 50 x 50 cm with a spatial resolution of 0.05 cm/pixel. For processing the 
recorded images DaVis software was used, employing a cross-correlation algorithm. An 
adaptive multipass routine was used, starting from an interrogation window of 64x64 pixels 
and ending with a final window size of 16x16 pixels with a 50% overlap. The velocity vectors 
were post-processed using a local median filter. 
5 RESULTS 
5.1 CONVENTIONAL VIDEO TESTS 
The main objective of this experiment was to achieve a direct observation of exchange 
flow phenomena as well as to estimate a rough mean velocity value to set up the acquisition 
parameters of the PIV equipment. This test was recorded for 8 minutes.  
t=0 s t=1 s t=3 s t=5 sg 
t=7 s t=10 s t=20 s t=30 s 
Fig. 4 Conventional digital video test series
After recording the test, an image with a calibration pattern was taken. The calibration 
pattern has a series of crossed marks equidistant in a horizontal and vertical direction 20 mm. 
This pattern was later employed to convert the image data, in pixels, into real ones, in meters. 
For this purpose a bilinear transformation was carried out. 
Fig. 5 Image pattern used in conventional video tests  
Digital Image toolbox from MatLab software was used to determine the gravimetic 
interface between two-layers. An averaged image was calculated using 10 consecutive images 
recorded after 4 minutes, from the start of the test. For this calculation only the green layer of 
the RGB files was employed. The same methodology was used to determine the initial 




















Fig. 6 Initial movement of two layer flow over the submarine sill  
5.2 PIV TESTS 
Using PIV in stratified flow measurement over a sill is a quite recent skill. The 
application of 2D PIV may provide some information of flow properties such as the velocity 
profiles, velocity gradients, flow vorticities and shear stresses. Furthermore, PIV technique is 
an useful tool to analyze turbulence, at least in the spatial scale, flow structures and the 
formation and evolution of interfacial instabilities in stratified flow tests. 
Preliminary results obtained are shown in this paper. Fig. 7 a) shows the velocity field 
averaged over 7 seconds taken at t=200 s, where t=0 is the start of the experiment. On the 
right-hand side of the sill an anti-clockwise recirculation flow can be seen. Over the sill crest, 
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Fig. 7 PIV results of density stratified exchange flow over a sill a) averaged velocity 
fields between 200 s and 207 s. b) Comparison between the gravimetric surface (obtained 
from conventional video test) and the shear layer (zero velocity surface, obtained with PIV 
recordings). 
In Fig. 7 b) the axes are normalized with the sill length (60 cm) in a streamwise direction 
and with the water depth (30 cm) in  a vertical direction. This figure shows the comparison 
between the gravimetric interface, obtained from a conventional video test, and the shear 
layer, defined as the interface between layers with zero velocity. Both measurements denote a 
good fit.
5.3 COMPARISON WITH THE NUMERICAL MODEL 
This section presents a comparison between the experimental results from a two layer 
flow test over a submarine sill, and the numerical results from the finite volume model 
developed by García (2005). 
Fig. 8 shows gravimetric interface and shear layer measurements as well as numerical 
results. Poor agreement was found between the numerical and experimental results. This lack 
of accuracy also appears in the classic analytic solutions of exchange flow over a sill reported 
by Farmer and Armi (Zhu and Lawrence, 2000). 
Fig. 8 Comparison between the gravimetric interface, shear layer and numerical solution 
obtained by García (2005) 
The differences may be attributed to the simplifications used in the numerical model, 
although there may have been some error in the experimental measurements. The numerical 
model omits the effects of streamline curvature because of the fact that it is a 2D depth-
averaged two-layer finite volume. Furthermore, the effects of friction between layers are not 
included. Another phenomena omitted in the numerical formulation is hydrodynamic 
instability which leads to vertical mixing in the interface and entrainment flows between 
layers, such as the recirculation flow shown in Fig 7 a). 
Regarding the experimental setup, the slight difference found in the densities of the water 
bodies in the test conducted here caused low gravimetric exchange velocities. Because of this, 
PIV measurements entail uncertainties due to buoyant effects in tracer particles and low 
particle displacements. In fact, there are several sources of error which are difficult to address 
through direct experiments (Smits and Lim, 2000). This is one of the main topics in revision 
process in the literature (Schröder, 2007). 
A rough estimation of buoyant effects is developed through the use of Stoke’s Law 
(Raffel et al., 1998). Using this formula with a particle size of 100 microns, to account for 
irregular particle distribution and floc formation, settling velocity of particles is hundred times 
lower than the mean velocity in the upper layer over the sill. Precision of particle 
displacements was initially limited to the pixel dimension, although the introduction of sub-
pixel interpolation algorithms (Willert and Gharib, 1991) has improved it substantially. It has 
become widely accepted a working precision of 0.1 pixel. For an area 50 centimetres wide, 
the precision in the distances (and thus the velocities) scale is of 50 micrometers. 
In future experiments uncertainties in velocities will be reduced using a higher salt 
concentration in the denser fluid, and also with an improved seeding procedure. 
4 CONCLUSIONS 
This paper has presented experimental research on gravimetric exchange flow. This 
hydraulic phenomenon occurs when two water bodies with different densities are connected 
by a narrow channel. The main objective of this study deals with the application of laser 
technology in the hydrodynamic characterization of two-layer flows. In this particular case, 
particle image velocimetry (PIV) and conventional video techniques as well as colorimetric 
tracers were used to obtain the velocity fields and to define the interface of layers, 
respectively.
Tests of exchange flow over a submarine sill were conducted at the facilities of the 
CITEEC (University of A Coruña, Galicia, Spain). Although some problems were found in 
the experiments due to the low velocities generated in the exchange flow, in general the PIV 
technique was applied successfully.
In the tests carried out on vector velocity fields were determined in practically the entire 
visualized domain. Some problems have arisen in the definition of velocity fields downstream 
of the sill (in the right-hand reservoir). These problems are caused by the high turbulence 
appearing in this area due to the formation of an internal hydraulic jump and by the high 
acceleration of the fluid downstream of the sill.
The gravimetric interface and the initial movement between the two layers were 
characterized through conventional video tests. The interface obtained was compared to the 
numerical solution of the same problem reported by Garcia (2005). Some differences between 
experimental and numerical results were found. These differences have been reported in other 
experiments reported in the literature (Zhu and Lawrence, 2000 and Morin et al., 2004) and 
may be due to the fact that the numerical scheme omits the effects of friction between layers, 
non-hydrostatic pressure distribution and entrainment processes induced by the generation of 
hydrodynamic instabilities in the two-layer interface. 
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Abstract   
After the construction of its main breakwater and the operations esplanade, the third phase of 
the works in Punta Langosteira harbour, in A Coruña, consisted in the construction of two 
parallel auxiliary breakwaters. The function of these secondary breakwaters, besides 
improving the protection of the harbour area, is safeguarding the water inlet of a power station 
close to the facilities from the longshore sediment transport. These structures are not very 
common due to the orientation of their longitudinal axes, which is parallel to the travel 
direction of the incident waves instead of being perpendicular. This configuration, far less 
known, led the Port Authority to find the optimal solution through a physical model study. 
The results of the research showed that the weakest section was found in the transition section 
between the quarrystone and the concrete blocks armour. Furthermore it was concluded that 
the random allocation of the concrete amour blocks is a key factor in the behaviour of the 
armour layer facing the wave action, and therefore the failure mechanism is dependent of the 
placing procedures. With these conditioning factors the optimal design was difficult to reach. 
1. Introduction  
In the last two decades, growing activities in the A Coruña Port have resulted in a significant 
lack of space in the existing facilities. Together with the hazard and environmental impact of its 
main traffics consisting in petroleum and carbon, there has been an increasing demand to 
expand its facilities away from the city. For this reason the Port Authority decided to build a 
new harbour in Punta Langosteira, located ten kilometres to the west from the city centre. 
Currently, the two first phases –main breakwater and operations esplanade- of the project are 
completed.
Figure 1 Punta Langosteira Port present (left) and prediction with one of the location of the new 
breakwaters (in blue, right) 
In the third phase of the construction of Punta Langosteira harbour, two rubble mound 
breakwaters are being built, with their axes parallel to each other and perpendicular to the 
shoreline. Their lengths are 550 meters for the longest (south breakwater) with the latest 100 
being submerged, and 340 meters for the shortest (north), which is also in the inner position in 
the harbour basin. The design was developed by the A Coruña Port Authority with the 
collaboration of a consultancy. 
 
Figure 2 Initial design of the parallel breakwaters  
The purpose of the construction of these groins is double. On one hand safeguarding the 
water inlet of a power station located near the harbour from the longshore sediment transport, 
and on the other hand it is expected that the port basin conditions are improved for harbouring 
as well. 
 
The location of these two breakwaters so close to each other is singular and difficult to 
predict previously the mutual interaction between them. The orientation of the breakwater 
with their axes almost parallel to the main direction of the waves, is also different from typical 
layouts. That is why the Port Authority estimated the need for studying the problem on a 
physical model to analyze the behaviour of both breakwaters together to find an optimal 
structural design.  
 
The final objective of this project has been to find the optimal layout design and the stability 
of the components of the different parts, that is: 
xFind the stable sizes for the structural elements in the different parts of the breakwaters 
north and south: trunk sections, roundheads, toe berms and submerged jetty. 
xDeterminate the critical stability point in both breakwaters from which the trunk can be 
constructed of quarrystone blocks instead of concrete blocks. 
  
2. Experimental facilities and procedures 
2.1 Experimental facilities 
The experiments were conducted in the wave tank at the CITEEC (R+D Centre in Building and 
Civil Engineering, www.udc.es/citeec) of the University of A Coruña (Spain), where two and 
three-dimensional tests can be conducted. The wave tank is 34 m long, 32 m wide and 1.10 m 
deep. For this study, its width was reduced to 22 m, in order to be concordant with the chosen 
scale.  
Figure 3 Wave tank of CITEEC and wave generation paddles 
 
Laboratory waves were generated with five piston–type wave generators controlled by 
proper software capable of creating both regular and spectral waves. A dissipative beach with 
a parabolic profile was created at the end of the tank and in the laterals as well, preventing the 
reflection of transmitted and diffracted waves. 
  
Previous studies were done in order to calibrate the wave tank, focusing on the two most 
important parameters: the length of the transition zone, in which the wave profile is developed 
from the generating paddle, and the profile for the dissipative beach with the best results on 
dissipation. 
 
After the wave tank calibration, another study was performed to check if the measured 
shoaling at the wave tank matched the numerical wave propagation model made for this 
project by a consultancy. It was observed that at the end of the tank, higher waves were 
measured near the absorption beach compared to the numerical model. 
The reason for this discrepancy was that the numerical model was calibrated with a 100% of 
energy dissipation on the coast, which didn’t reproduce prototype conditions, and at the 
laboratory setup the dissipative beach does not provide this total absorption. It could be 
observed in prototype that the real conditions were better matched by the physical model than 
the numerical one, because of some small cliffs reflecting a small amount of the waves energy 
In any case, the effect of the coast reflection didn’t affect to the most exposed part of the 
structure under design. So it was concluded that the physical model matched correctly the 
design conditions. 
 Figure 4 Numerical and experimental results for the waves 
2.2 Description of the experimental breakwaters 
 
The laboratory scale was set at 1:45, so the lengths of the two structures were 12.2m and 
7.5m. With that scale we estimated the necessary width to be used in the tank to avoid 
diffraction from the lateral absorbing beaches. One of the main conditions for these types of 
studies is to accurately reproduce in the wave tank the bathymetry of the Langosteira port area 
surrounding the breakwaters. 
 
This bathymetry reproduction at the wave tank was made with a special grout filler mixed 
with expanded polystyrene balls to reduce the total weight and a thin outer cement shell over 
it. The bathymetry was built from 0m to 20m depth as the following profile of the tank shows.   
Figure 5 Langosteira bathymetry reproduction in the wave tank 
The design storm waves for the breakwater were provided by the Port Authority, 
corresponding to a return period of 140 years with values of 5.8 meter (significant wave height) 
and 18 seconds (peak period), measured at the south/longest breakwater head. 
 
Stability tests were then designed to progressively inflict damage to the breakwaters. The 
final solution was to generate wave tests with growing significant wave height from 4.5 until 
5.8 meters, all of them with peak period of 18 seconds and a duration of 1500 waves. 
 
Stability was analyzed in two cases, low tide to validate the toe berms, transversal and 
longitudinal submerged breakwaters, and high tide (4.5 meters higher) with the purpose of 
validate the cross sections of the trunk and the roundhead of the south and north breakwaters. 
 
Both structures were built at the laboratory with four different materials over the inner 
core. For the shore ending, the armour layer is formed by 5 Ton quarry stones, and for the 
roundheads and the final part of the both trunks the armour layer had cubic concrete blocks of 
10, 20, 35Tn. 
 
 
Figure 6 Sections of the two breakwaters 
3. Instrumentation 
 
Wave height measurements were made using conductivity type water level sensors located 
on four control points. 
 
Figure 7 Breakwaters constructed (left) and level sensors (right) 
The damage evaluation in the trunk sections with quarrystone armour was evaluated 
by means of two different methods. The first method, a qualitative one, was performed in five 
selected control areas by painting coloured checkerboards to directly observe rubble mound 
movements during the tests.  
 
Figure 8 Coloured checkerboards 
The second one was performed by measuring cross section profiles every 25 meters (at 
prototype scale) with a photogrammetric technique. This simple technique is based of 
projecting a laser sheet to illuminate the cross section profile, take an image with a digital 
camera and, after that, perform a calibration to correct the perspective distortion and correlate 
pixels and physical units as well. To perform this calibration, a pattern with an orthogonal 
mesh grid was included in every image.  
 
Evaluation of the damage was then performed by comparing the cross section profiles at 
the images before and after every test.  
 
          
Figure 9 Quarrystone cross section profiling 
The damage evaluation at the roundhead and the sections covered by concrete blocks was 
performed by simply counting armour units extracted from 12 different control zones. The 
blocks were painted with different colours, taking pictures from the very same point before 
and after the tests on selected locations.  
Figure 10 Coloured checkerboards in the roundhead (left) and positioning system (right) 
For the laser profiling system and to allow the photographs to be taken every time from the 
same perspective we used a positioning system very similar to bridge crane, fabricated and 
designed in the CITEEC, which  provides to the model a coordinate reference system XYZ, 
facilitating the data processing and the model construction as well. 
4. Optimal Analysis Design 
 
To achieve the optimal structural design five different alternatives were tested. 
 
4.1 Alternative 1 
 
This first alternative had concrete blocks only in the armour layer of the roundhead of the 
breakwater, with the remainder of the breakwater protected by quarrystone. The armour layer 
of both roundheads was built with two layers of cubic concrete blocks of 10 tons in the north 













Figure 11 Alternative 1 
The result of this test was a total failure in both breakwaters roundhead in the section 
between the blocks and the rubble mound. 
The damage occurred in the outer slope of the north breakwater (10Tn blocks), and was 
much greater than the south one (20Tn) allowing the exposure of large areas of the core. On the 
other hand the toe berms and the quarrystone sections of the trunk performed well in all the 
test performed. 
  
Figure 12 Fails in roundhead 
 
4.2 Alternative 2 
After the study of the failure mechanism in the previous test we proceeded to make some 
modifications in the breakwaters to improve the performance: 
xModification the inner slope of the south breakwater to improve the transition 
between the concrete blocks and rubble mound. 
xRising the roundhead blocks weight, to 20Tn (north) and 35Tn (south). 
xIn order to enhance the transition between the roundhead blocks and the rubble we 
changed to a gradual solution with the use of two intermediate sections with 
lighter blocks in the trunks. The length and armour weight of these transition 
sections was 25 meters and 20Tn and 25 meters and the 10Tn for the longest and 





Figure 13 Alternative 2 
The results of this test showed a failure mechanism in the transitions between the 10 Tn 
blocks and the rubble mound in both breakwaters. 
Figure 14 Fail in the 10 Tn blocks 
 
4.3 Alternative 3 
Due to the failure in the transitions of 10 Tn blocks we decided to increase the block weight 
at this sections, as well as increasing the length of the transitions, excepting the inner slope of 
the north breakwater that it is more protected doing the following changes: 
 
xReplacing the 10 Tn blocks for 20Tn in both north and south breakwaters 
xReplacing the 20 Tn blocks for 35 Tn blocks in the inner slope of the south one. 
 
Figure 15 Alternative 3 
 
 The result of the tests this time was a failure in the outer slopes of the north and south 
breakwaters, being the north one the most damaged, reaching the core in the transitions zone. 
 
Figure 16 Fail in the outer slope of smallest/north breakwater 
4.4 Alternative 4 
The modifications for the 4th alternative was to increase to 35 Tn the blocks weight in the 
outer slope of south breakwater 
 
Figure 17 Alternative 4 
In this test the damage was produced in the inner slope of the south breakwater and in both 
slopes of the north breakwater.  
 
Figure 18 Fails in alternative 4 
4.5 Alternative 5 
The last alternative and the optimal structural design of the breakwaters consisted in: 
xIncreasing the 35Tn and 20Tn blocks sections length in the inner slope of south 
breakwater. 
xReplacing the 10Tn blocks in the north breakwater by 20Tn units. 
xIncreasing the 20tn blocks section length in the outer slope of the North breakwater 
 
This final design was tested in low and high tide conditions, each one with wave heights of 
4.0, 5.0, 5.8 meters in groups of 1500 waves. After the complete test the armour movements and 
extraction were negligible in all sections. 
 
Figure 19 Alternative 5 
6. Conclusions 
After the tests with five alternatives of both groins design, a stable configuration was found 
with the following characteristics. The behaviour of the 5Tn armour was good since the 
beginning of the tests. Opposed to that, the 10Tn blocks behaviour was not acceptable in any 
test for the trunks and then dismissed, but these blocks were used in the toe berms with a good 
behaviour. A total of 9236 blocks were used for the final configuration: 1811 of 35tn, 3038 of 
20Tn and 4387 of 10Tn. 
This singular incidence of the wave to the breakwaters creates a particular hydraulic and 
structural behaviour that makes the transition between sections with different sizes a fragile 
zone, with the initial damage occurring in a section, and continuing inwards because of the loss 
of support in the adjacent blocks. 
It was also observed that it is difficult to propose solutions to correct this failure mechanism 
because the phenomenon has some degree of randomness associated to the blocks placement. 
Exposing the face of the biggest blocks to the incident of the waves produced that this zones 
were a high probability zone for failure. 
As a final result, we could not fully determine which the mutual interaction between both 
breakwaters is. It was only observed that it is possible that the reflection between both 
breakwaters is creating a water accumulation between them and for this reason the next wave 
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Abstract
The application of laser technologies to experimental ﬂuvial hydraulics is a relatively new ﬁeld with a promising future. In the area of
sediment transport, these technologies will be used here to describe the evolution of an underwater sediment bed proﬁle. This paper
presents the application of a three-dimensional laser scanner (3D-Scanner), which measures elevation through the intersection of the laser
beam with the sediment surface, correcting the effect of its refraction as it enters the water. Results were compared with those obtained
with a particle image velocimetry (PIV) in recording the longitudinal proﬁle of the bed. In this way, the utility of this high-precision,
continuous and non-intrusive technique has been demonstrated in ﬂuvial hydraulic studies with sediment transport.
r 2005 Elsevier Ltd. All rights reserved.
Keywords: Laser applications; Refraction; Experimental hydraulics
1. Introduction
The study of processes linked to sediment transport is
one of the most complex ﬁelds in hydraulics. The lack of
analytical results and the difﬁculty of presenting univer-
sally accepted numerical models reﬂect the need to make
progress in the experimental ﬁeld. In this sense, the
breakthrough of laser technologies has led to the develop-
ment of tools that may produce promising results.
The application of these technologies to the ﬁeld of
hydraulics, particularly with the well-known particle image
velocimetry (PIV) technique, has resulted in a substantial
advancement in obtaining velocity ﬁelds in real time under
unsteady and non-intrusive conditions [1–3]. Although
important progress has also been recorded for sediment
transport parameters, the results are not as universal as in
hydrodynamic analysis [4,5]. This paper presents the
application of a 3D scanner which is a high-precision,
non-intrusive system that may be used to restore the
underwater sediment surface in real time. The ﬁrst part of
the text presents an analysis of this experimental tool,
known as the three dimensional laser scanner (3D-
Scanner), including a detailed description of its operation
and basic characteristics [6,7]. The device used here, a
Polhemus FastScan [8], is able to scan the surface of an
object with a laser beam, and this image is captured by two
cameras for restoration.
In the second part of the text there is an analysis of the
fundamental physical and mathematical principles in-
volved in refraction, and after this a presentation of the
two series of trial runs carried out to determine the
feasibility of this instrument in underwater measurements
with sediment transport. The ﬁrst tests conducted in a
hydraulic channel demonstrated the inﬂuence of the
refraction upon the results. After correcting for this effect,
the validity of the 3D-Scanner in recording data on a
sediment surface and its evolution is demonstrated with a
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resolution of less than 1mm. Lastly, we present a
comparison carried out during a sediment transport
experiment with the measurement of the bed using PIV.
2. Operating principle
The operating principle of the 3D-Scanner is known as
active triangulation. A plane of laser light is projected on to
the object to be scanned. The intersection with its surface is
a planar curve called the stripe. From the angle under
which a camera observes this stripe, its position in space
can be obtained by triangulation. One of the most striking
aspects of this technique in terms of its application to the
ﬁeld of hydraulics is its non-intrusive nature.
2.1. Instrument and its location in the laboratory
The equipment used in this research consisted of a wand
with a laser transmitter and two cameras, a unit of
reference of its position in space and a computer numerical
control positioning machine (CNC frame), so that it can be
driven along an axis. In this way the system digitises
opaque solid surfaces through laser technologies and
digital imaging which restores the shape of an object even
if it is moving.
The software of the program makes it possible to carry
out the necessary calculations to determine the surface of
the object on the basis of images taken by the cameras in
real time. The contour is exported as a scatter plot in space
and a set of triangles with vertexes on these points [9]. The
program allows the user to select the resolution and the size
of the triangles, seeking a compromise between the greatest
possible precision and the computational cost of generating
this mesh. Figs. 1 and 2 show the instrument and its
location in the testing channel of the Hydraulics Labora-
tory of the Civil Engineering School.
2.2. Physical principles
The process used by the 3D-Scanner to digitise surfaces
is similar to the type described as an active imaging
technique and consists of two basic stages. In the ﬁrst
stage—acquisition—the user focuses the laser beam on the
object and the system obtains information as coordinates
of points. In the second stage—reconstruction—the system
interprets the scatter plots and converts them into surfaces.
While the images are being captured, the intersection
curve between the plane formed by the laser beam and the
object surface—stripe—is observed from a speciﬁc angle by
the two cameras which triangulate the position of the
points on this line. We can acquire multiple, adjacent
proﬁles by sweeping the stripe across the object, and repeat
the computation for each relative position of the stripe and
object.
The Fig. 3 and the equations shown below describe the
basic geometry for an active triangulation, where O is the
optical centre of the lens and M is the point on the surface
whose coordinates are to be measured.
Heights z can be determined from the angle y at which
the camera views the projected laser beam and the distance
ARTICLE IN PRESS
Fig. 1. Laser beam emitted by the 3D-Scanner.
Fig. 2. Location of 3D-Scanner (instrument, reference unit and CNC
frame) and PIV.
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c from the optical centre of the camera lens and the beam.
This angle y can be determined from a, a geometrical
constant of the equipment, and b, measured in the image
plane of the camera, as a function of its focal length.
Thus, once the distance c is known, we can write for the
xz plane the following expressions:
y ¼ p
2




These coordinates of points in the acquisition stage are
calculated on axes (x,y,z) relative to the wand. The
absolute coordinates (X,Y,Z) are obtained by means of
the spatial position of this wand, which is determined
through the three perpendicular electromagnetic ﬁelds
being emitted by a ﬁxed object. These ﬁelds reach a
receiver located on the wand equipped with three
perpendicular coils, thus using techniques for measuring
distances. In the reconstruction stage, the scatter plot is
transformed into a surface, exported in triangle mesh. This
paper does not aim to study the acquisition and
reconstruction algorithms which are described elsewhere
[10,11], rather it focuses on the application of this
instrument to digitise objects under the water surface.
The digitisation of a sediment surface using this laser
technology must consider the effect of refraction on the
measurements taken, since the incident beam is refracted
when it changes from one medium into another. The angle
of the refraction depends not only upon the refracture
indices of the media involved but also upon the colour
(wavelength) of the light. As we are working with laser
light having only one wave length, it is not necessary to
take this source of error into account. Some similar type
instruments operate with polychromatic light which makes
the accuracy of the images taken under the water surface
less reliable. Another advantage of laser light versus other
light sources is its high directionality or collimation, which
allows it to be projected on to objects as a very thin line.
3. Validation and calibration of the 3D-Scanner
This section offers a theoretical analysis and describes
the experimental methodology followed to determine the
application of the 3D-Scanner to hydraulic studies with
sediment transport.
3.1. Experimental methodology
Tests were conducted at the Hydraulics Laboratory of
the Civil Engineering School at the University of A
Corun˜a. This laboratory is equipped with a hydraulic
circuit and a rectangular channel with variable slope. A
fundamental aspect of the channel is that some of its
components are metallic, which gave rise to several
problems in previous calibration tests. As discussed above,
the 3D-Scanner takes measurements by means of the
emission of a laser beam and by determining the position of
the wand in space through electromagnetic ﬁelds. So, these
measurements may be altered by the existence of other
magnetic ﬁelds or materials in the surrounding area [12].
The problem of obtaining the maximum resolution with
this instrument was solved by raising the receiver or
reference unit onto a plexiglas base, which separates it from
the steel frame of the channel and also allows to align the
receiver’s axis which is the system’s coordinate reference.
Moreover, the extendable arm that holds the 3D-
Scanner, used to scan the bottom longitudinally, was made
out of wood to avoid any interaction with the metal edges.
In order to ascertain the direction of the laser beam, as it
enters the water, the beam was kept in a perpendicular
position relative to the bottom of the channel, as shown in
Fig. 2. An important part of these tests involved obtaining
a regular, stable water surface, which would permit
controlled refraction, and it was essential to keep the
water clean at all times to attain the highest precision
possible.
Measurements of the depths or elevations of the water
surface—which were necessary to correct for the effect of
the refraction in the laser beam—were taken with an
ultrasonic level transmitter with continuous recording.
3.2. Tests on a plane bed
The ﬁrst tests were designed to record the proﬁles of the
plane bottom of the channel at different depths, to correct
for the effect of refraction on the measurements obtained.
An important aspect to bear in mind in this study is that

















Fig. 3. Laser beam, object and variables involved.
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the water as well as the images taken by the cameras,
causing a variation on two planes. In the work carried out
so far, we have analysed the central line produced by the
intersection of the laser beam and the surface to be
measured. In this way, if the laser beam is perpendicular to
the surface when it hits it, and only this central line is
studied, there would not be any entrance refraction.
For the purpose of obtaining a relationship that would
consider refraction, depth measurements were recorded in
real time, and, at the same time, scanning was carried out
with the 3D-Scanner. This made it possible to determine
the relationship between the depth and bottom eleva-
tion obtained with the instrumentation. Fig. 4 includes
the variables involved and a diagram of the refraction
phenomenon.
Below the water surface, the angle yi under which the
camera views the intersection of the laser beam and the
channel bottom is no longer its real position, Eq. (2) is not
valid anymore, and it is necessary to reformulate the
problem. The trigonometric relationships to analyse the
refraction through the surface between the air (incident
medium) and the water (refracted medium) can be written
as follows:
ðd  yÞ tanðyiÞ þ y tanðyrÞ ¼ c, (3)
ðd  rÞ tanðyiÞ ¼ c, (4)
where d is the vertical distance between the optical centre of
the camera and the channel bottom, y is the depth, r is the
virtual elevation of the bottom of the channel, yi is the






If we consider that the rate of refractive index between air
(ni) and water (nr) is equal to 1.333, the Eq. (3) becomes





By introducing c and d as data, the previous equation
would be solved by obtaining an incident angle for each
depth. Thus, the virtual elevation r may be calculated in
terms of depth.
r ¼ d  c
tan yi
. (7)
Fig. 5 displays the plane channel bottom recorded after
scanning at a depth of 71mm.
The refraction of the laser beam causes the virtual surface
observed by the instrument to elevate as predicted from its
real position and bend upwards in the plane yz, and this





































Fig. 5. Channel bottom with a depth of 71mm.
Fig. 6. Average proﬁle in plane yz with different depths.
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proﬁle of the surface in this plane can be seen in Fig. 6 for
different values of water depth, showing this effect.
3.3. Calibration of the plane bed tests
This section presents an in-depth study of the plane bed
measurements. Four scans were made with different
depths. Statistical analysis of these four groups of data
was carried out, to ensure the repetitiveness of the results,
ﬁnding them to be highly accurate. If we focus on the
central line of the surface which suffers no refraction in the
xy plane, we only have an elevation r from its real position.
The values recorded with these four bottom scans are now
presented in terms of its average, calculated and plotted for
each depth y. Fig. 7 also draws a comparison with the
theoretical results of elevation r relative to the depth y,
from Eq. (7) for values of c ¼ 250mm and d ¼ 790mm.
The theoretical relationship was adjusted with the values of
the position of the optical centre of the lens (c and d),
which are not provided by the manufacturer and must be
estimated. In both cases the curve is linear (r2 ¼ 0:99975) in
the whole range of experimentation covered by the
3D-Scanner.
Variations r0 of the measurements of the channel bottom
from its average elevation value are under 0.3mm in almost
all cases, as it can be seen in Fig. 8.
Thus, we can state that the 3D-Scanner recorded a
channel bottom with a very high degree of accuracy, even
at a depth of 322mm.
The conclusions drawn in this section show that the
experimental methodology used is satisfactory. Firstly the
theoretical study of the virtual elevations of the bottom is
validated and, secondly, the proﬁles of this bottom are
obtained with great accuracy.
3.4. Tests with a pattern on the bottom
To gain more insight into the study of refraction and
how it relates to depth, in the second series of tests we
introduced an irregular element as a pattern to represent its
proﬁle at different depths.
In this case the analysis aimed to relate the real existing
elevation to the virtual elevation recorded, after subtract-
ing the virtual bottom elevation obtained in the previous
calibration test. The refraction diagram and the elements
involved in these tests are shown in the Fig. 9.
The representative equations are now
ðd  yÞ tanðyiÞ þ ðy zrÞ tanðyrÞ ¼ c, (8)
ðd  zmÞ tanðyiÞ ¼ c, (9)
zv ¼ zm  r, (10)
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Fig. 8. Deviation of the channel bottom measurements from its average



















Fig. 9. Inﬂuence of refraction with the pattern.
Fig. 7. Theoretical–experimental comparison of the virtual elevation of
the bed and depth.
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where zr is the real elevation, zm is the elevation measured
with the 3D-Scanner and zv is the relative or virtual
elevation after subtracting elevation r from the bed of the
channel as an offset.
In Fig. 10 we present the theoretical virtual elevations
with different depths. Although it is rather difﬁcult to
distinguish in the ﬁgure, the results pertaining to different
depths up to 400mm are superimposed over the points
represented in the graph.
The variation of the theoretical ratio between real and
virtual heights zr/zv with the water depth in the working
range is under 5 per thousand, as can be seen in Fig. 11.
The relationship obtained is almost linear (r2 ¼ 0:9984).
Fig. 12 represents the Matlab visualization of the pattern
carried out with the 3D-Scanner.
Fig. 13 gives the average value of four scans, showing the
measurements corresponding to three depths (Fig. 13) and
includes a comparison of the existing situation without
refraction.
In Fig. 14 we compare the virtual and the real elevations.
The results of the above ﬁgure conﬁrm the theoretical
relationship obtained in Fig. 10. First, it is important to
notice that the distance from the bisector (zv ¼ zr) reﬂects
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Fig. 10. Theoretical relationship between real and virtual elevation for
different depths.















Fig. 12. Visualisation of the pattern with Matlab.
Fig. 13. Proﬁles of the pattern with different depths.
Fig. 14. Experimental relationship between real and virtual elevation.
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the effect of refraction on the measurements taken. In the
area corresponding to the points with the highest elevations
relative to the bottom, a wealth of data has been compiled
pertaining to the measurement of the upper part of the
pattern analysed, on which we found a small plane surface
with irregularities.
The most important result was found in the linear
relationships obtained with high correlations (values of r2
ranging from 0.9977 to 0.9992), which allows to validate,
once again, the methodology followed in this study, in this
case with the restoration of a pattern introduced in the
channel at different water surface elevations. Moreover, the
shape of the pattern and the sharp slope at some points
lead to the creation of zones where the effect of the
refraction and deﬂection relative to the vertical line is
greater, which makes it difﬁcult to obtain an accurate
measurement and recording of the elevations. This effect is
evident in the last graph in the interval of real elevations
ranging from 40 and 55mm, and with the lowest depth
reading. In this case the water surface is affected by the
presence of this pattern and it shows greater instability
which can be detected by the 3D-Scanner. This can be
observed in more detail if we study the deviations of the
virtual elevations corresponding to each depth relative to
its regression line (Fig. 15).
As we can see, the measurement error is generally below
1mm, except in the zone discussed above. In the analysis of
the above ﬁgures, it is possible to detect some inﬂuence of
depth on the measurements taken with a slight rise in the
slope as the water surface elevation increases (Fig. 14).
The graph in Fig. 16 details the relationship obtained from
the non-dimensional analysis of the real and virtual
elevations compared with depth (r2 ¼ 0:9585).
3.5. Restoration of refraction. Accuracy and noise
The previous results show the suitability of the 3D-
Scanner in the reproduction of the theoretical behaviour
developed. Based on this, two linear relationships were
obtained among the fundamental variables of the two test
series (Figs. 7 and 14).
r ¼ C1y, (11)
zv ¼ C2ðyÞzr. (12)
The following relationship maintains the linear form since,
while the value of C2 depends on depth y, as can be seen in
Fig. 14, it remains constant or quasi-stationary throughout
the experiments. This is why it has been considered as such.
To summarise the procedure, we must point out that for a
speciﬁc conﬁguration of the instrument with a pre-set
elevation from the channel bottom, calibration constants C1
and C2 are determined through a series of previous tests. So,
for each subsequent test under unsteady conditions, the 3D-
Scanner will measure the distances to the surface of the
pattern, which may be converted into real elevations over the














This research work thus shows the potential application of the
3D-Scanner in the study of the restoration of pattern surfaces,
and its possible use in determining the evolution of an under-
water sediment bed in real time on the central line of a laser
beam emitted through an automatic, non-intrusive technique.
Moreover, the overall accuracy and resolution, in
keeping with the expressions analysed in the previous
section, are determined by the precision of the 3D-Scanner
established at 0.5mm, the magnitude and accuracy of the
measurement of the constants, and the accuracy of the
depth measurement, which also has a value equal to
0.5mm. Constants C1 and C2 are obtained statistically with
a correlation of around one (r2 ¼ 0:9998 for C1, and r2 ¼
0:9977 for C2), and their absolute values in the tests are
0.2694 and 0.7385, corresponding to the slopes of Figs. 7
and 14, respectively.
After carrying out an error analysis in Eq. (13), and
introducing the values obtained during the calibration, we
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Fig. 15. Deviations of the measurements of the pattern proﬁle relative to
the regression line with different depths.
Fig. 16. Relationship between quotient of real and virtual elevations as
related to depth.
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Dy ¼ 1:354  Dzm þ 0:365  Dy ¼ 0:860,
(14)
where Dzm is the error in the 3D-Scanner measurement
(0.5mm), Dy the error in the depth measurement (0.5mm).
4. Comparison of bed proﬁle elevation recordings with a PIV
Sediment beds can also be illuminated by a Particle
Image Velocimetry (PIV) laser, and directly measured on
the image taken by its camera. This section presents a
comparison of the results obtained in the bed proﬁle
readings with the 3D-Scanner and PIV. Fig. 2 illustrates
the location of the instruments for joint operation. The
tests for this comparison, conducted at the Hydraulics
Laboratory mentioned earlier, conﬁrmed the application of
the 3D-Scanner in this study.
An important aspect to remember is the great potential of
the 3D-Scanner to measure the bed elevation in 3D, providing
different results from those obtained using the PIV technique.
As mentioned previously, this paper only includes the results
pertaining to the centre line of the laser beam, which were
made to coincide with the measurement plane of the two
instruments to compare the series of experimental results.
The comparative test presented here was carried out to
gain insight into the bed proﬁles of a non-cohesive
sediment bed in the vicinity of a weir. In order to do this,
a layer of sand was spread out in the central part of the
channel in the adjacent upstream zone of the weir.
Externally, ﬂow conditions were introduced to cause
erosion until a ﬁnal equilibrium proﬁle was reached, with
no addition of sediments. The ﬂow rate was 0.031m3/s,
the slope was kept horizontal and the initial thickness of
the sediment layer was 0.12m. Fig. 17 shows the bed proﬁle
recorded with the PIV technique.
With the 3D-Scanner we extracted the measurements for
the centre line of the laser beam and then carried out the
reverse transformation of refraction. Fig. 18 shows the
comparison of the results obtained with the two instruments
in the central section of the channel at different time steps.
The numerical differences were calculated using the root
mean square (RMS) error of the measurements taken with
the 3D-Scanner versus those taken with PIV (Table 1), by
means of the following expression:
sz ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPðzi  ziPIVÞ2
n  ðn 1Þ
s
, (15)
where n is the number of measurements (number of cross
sections).
The resulting values reﬂect the striking similarity
between the ﬁndings recorded with both instruments, by
sight on observing the graph itself, also showing accurately
the ﬁnal equilibrium proﬁle.
5. Conclusions
The most important conclusion reached in this paper
refers to the demonstration of the ability of a three
dimensional laser scanner to describe the evolution of an
underwater sediment bed in real time. This instrument,
known as 3D-Scanner, frequently used in virtual reality
techniques, has been applied yielding good results in the
measurement of the central line of a bed composed of
granular material.
On the basis of the previous feasibility tests, two series of
experiments were conducted with a view to quantify the
effect of refraction on the incident laser beam. In the ﬁrst
experiment the bottom surface of a hydraulic channel with
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Fig. 17. Bed proﬁle obtained with PIV.
Fig. 18. Time evolution of the bed proﬁles. Crest of weir in Section 8.3.
Table 1
RMS error between PIV and 3D-Scanner measurements
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different depths was restored and, in the second, the
surface of a pattern introduced into this channel, again
with different water surface elevations, was digitised. The
results of this calibration point to a linear relationship
between the depths and the bottom elevation measure-
ments taken with the 3D-Scanner. A linear relationship
was also obtained between the real elevations of the points
of the pattern and the virtual elevations recorded. Both of
these conclusions are consistent with the respective
theoretical studies based on Snell’s law of refraction.
The resolution attained in all the measurements was less
than 1mm, which reﬂects the ability of this instrument to
solve sediment bed elevations accurately and non-intru-
sively. These results were complemented by a test carried
out using sediment transport, and a comparison of the
ﬁndings in this ﬁeld using the PIV technique on the same
measurement plane is presented. The recordings of the bed
proﬁles with the two instruments matched. The results
presented here are clearly promising, and reﬂect the great
potential of extending this study to 3D measurement of the
sediment bed, advancing in the application of laser
technologies in experimental hydraulics.
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ABSTRACT
This paper presents the experimental validation of a two-dimensional depth-averaged numerical model with uncoupled ﬂow and sediment transport
using the ﬁnite volume method. Tests were conducted at the Civil Engineering School of the University of A Coruña (Spain), using laser technologies
such as particle image velocimetry and a three-dimensional scanner (3D-Scanner). This device measures bed elevations through calculations that
take refraction into account. The numerical model presented here solves shallow water equations in the hydraulic ﬁeld and calculates, through well-
known empirical formulas, bedload transport of uniform granular sediments. A comparison between the numerical and experimental results in the
longitudinal and transversal direction, as well as in the evolution of the fundamental variables lead to the validation of the numerical model. Moreover,
the application of laser technologies in ﬂuvial hydraulics, especially with promising tools such as the 3D-scanner, here presented, is another key point
of this work.
RÉSUMÉ
Cet article présente la validation expérimentale d’unmodèle numérique bidimensionnel enmoyenne sur la profondeur de l’écoulement et du transport de
sédiment non couplés et utilisant la méthode des volumes ﬁnis. Des essais ont été effectués à l’école de génie civil de l’université de Coruña (Espagne),
à l’aide des technologies laser telles que la vélocimétrie par image de particules (PIV) et un module de balayage tridimensionnel (3D-Scanner). Ce
dispositif mesure des profondeurs de lit en tenant compte de la réfraction. Le modèle numérique présenté résout les équations hydrauliques en eau peu
profonde et calcule, par des formules empiriques bien connues, le transport de fond des sédiments granulaires uniformes. Une comparaison entre les
résultats numériques et expérimentaux des variables fondamentales, dans les directions longitudinales et transversales, et dans le temps, conﬁrment la
validation du modèle numérique. Par ailleurs, la présentation des technologies laser en hydraulique ﬂuviale qui ont été appliquées, particulièrement
avec les outils prometteurs, tels que le Scanner-3D, est un autre point clé de ce travail.
Keywords: Sediment transport, two-dimensional models, lasers, model veriﬁcation, laboratory tests, bed load movement,
ﬁnite volume method.
1 Introduction
The study of phenomena related to sediment transport, as an
essential part of ﬂuvial hydraulics is of great importance in civil
engineering. While laboratory experiments in this ﬁeld have a
long tradition andmuch research has been carried out, the appear-
ance of new technologies and tools has led the way towards
greater precision and capabilities. Moreover, numerical mod-
els are being applied more and more frequently in the ﬁeld of
Revision received June 5, 2007/Open for discussion until February 28, 2009.
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hydraulics, which hasmade it possible to plan and conduct studies
on increasingly broader temporal and spatial scales.
Therefore the joint development of experimental and numer-
ical research enables investigators to validate these numerical
models, on the one hand, and to advance in the application of
new instruments in the laboratory, on the other.
Experimental investigation on hydraulic models that include
sediment transport require techniques for obtaining accuratemea-
surements of the bed topography. A number of techniques are
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available for measuring bed elevation in both ﬁeld and labora-
tory scale. Flume models typically require much smaller spatial
resolution. Current available techniques include touch sensors,
stereo photography (Hancock and Willgoose, 2001), infrared
beams (Richards and Robert, 1986), ultrasonic depth proﬁl-
ers (Best and Ashworth, 1994), light attenuation techniques
(Munro and Dalziel, 2005), light photocells (Ballio and Raadice,
2003), electrical ﬁeld attenuation (Rooij et al., 1999) and laser
three-dimensional (3D)-scanning devices.
All of them are subject to several limitations. Ultrasonic depth
proﬁlers, touch sensors and other submerged probes involve very
intrusive techniques on a small scale model. Stereo photography
and light attenuation are affected by the shadows and the chang-
ing water transparency. Electrical ﬁeld attenuation is limited to
very controlled conditions of temperature, salinity and to sed-
iment with fairly narrow size distribution. Infrared beams and
light photocells only allow the measurement of point data and
require a long time to scan a surface, precluding their use for
non-stationary studies.
Laser 3D-scanning devices avoid many of the related prob-
lems by the introduction of a controlled light source and robust
imaging techniques. The underwater use of these instruments
(Delft Hydraulics Facilities) can be intrusive, so in this work it
was applied above the surface, and results were corrected for
the effects of refraction. For this purpose a commercial system
(McCallum et al., 1996) was adapted to a non-conventional use.
The same principle of a laser sheet projected onto the sed-
iment bed and observed by a camera can also be seen on the
images taken by a particle image velocimetry (PIV) system
(Raffel et al., 1998; Adrian et al. 2005). The basis of PIV is
as simple as to seed the ﬂow with tracer particles, illuminate
them twice with a laser sheet and look for the particles in two
images taken by a hi-speed camera. Correlation of the position
of the tracers in both images and the time elapsed between them
yields the classic equation of space divided by time. The study of
the statistical properties of the velocity ﬁelds in turbulent condi-
tions (Adrian et al., 2000) and new methods for post-processing
the data employing ﬂuid dynamical constraints (Afanasyev and
Demirov, 2005) have produced very useful data for validat-
ing numerical models of sediment transport relating turbulence.
Some enhancements in the technique to improve resolution on the
boundary layer (Ahmed and Sato, 2001; Hendriks et al., 2004)
also allow the detailed study of the shear stress, an important
parameter affecting the sediment transport processes. In some
cases, these studies have been focused in coastal environments
(Meselhe et al., 1998).
The behaviour of a ﬂuid in 3D is described by the Navier–
Stokes equations, a hyperbolic set of non-linear conservation
laws. They are an hyperbolic system of non-linear conservation
laws. Their complexity has led to the development of the shallow
water equations (see Chaudhry, 1993). This set of equations is
suitable to describe the ﬂuid behaviour in domains with a small
ratio between the depth (h) and the horizontal dimensions (L),
where the main movement of the particles happens in two dimen-
sions. It is not easy to establish an exact maximum for the ratio
h/L to consider a ﬂow shallow but 1/20 is usually taken as a
reference.
Use of the shallow water equations has increased dramat-
ically during the last few decades. In the ﬁeld of the ﬁnite
volume method, they have been used by Alcrudo and García-
Navarro (1993), Anastasiou and Chan (1997), Mingham and
Causon (1998), Vázquez-Cendón (1999) and Wu et al. (2000).
A good description of the method can be seen in Versteeg et al.
(1995).
Among the many problems that can be solved with the shal-
low water equations are: ﬂow in channels and rivers, tidal ﬂows,
ocean currents, shock waves, etc. One simpliﬁcation of the shal-
low water equations consists of taking the depth average of the
horizontal velocity components and neglecting the vertical one;
another simpliﬁcation assumes negligible bed slope. This implies
that the equations are not suitable for problems in which the ver-
tical velocity is not negligible, due to a sharp front or a steep
slope. However, very good results can be achieved, even if some
of the hypotheses are violated (e.g. Brufau et al., 2002; Calefﬁ
et al., 2003; Cea et al., 2004).
Many numerical models have appeared in the last few years,
using a hydraulic depth-averaged model and empirical formulas
to calculate the sediment transport in different environments (Van
Rijn, 1993). Recent work is focused on the development of 3D
models (Wu et al., 2000; Wormleaton and Ewunetu, 2006), but
there is still much to be learned about the validation of two-
dimensional models, especially regarding validation using non-
intrusive techniques, such as laser devices.
This paper presents the use of laser technologies to experimen-
tally validate a two-dimensional numerical model that consists of
uncoupled ﬂuid and sediment equations, or hydrodynamic and
morphological blocks. The morphological subroutines solve the
sediment continuity equation by implementing different empiri-
cal formulas to calculate the bedload transport. In the two model
blocks, upwind schemes were used, which are common when
employing the ﬁnite volume method (Bermúdez et al., 1998).
The main conclusions drawn are the validation itself and the
experimentalmethodology, including the application of new laser
technologies in the validation of the numerical model. Thus, the
use of the 3D-scanner has been found to be a very valuable tool to
measure the sediment bed (Peña et al., 2006). The experimental
validation begins with a detailed description of the methodol-
ogy and follows with the comparison of the experimental and
numerical results.
2 Fundamental equations
In this section the fundamental equations governing hydrody-
namics in two dimensions and granular sediment transport are
presented. The subsequent addition of these equations, by means
of the ﬁnite volume method, has made it possible to gain knowl-
edge of the two-dimensional ﬁeld in unsteady conditions, in plane
view, of velocities, depths, sediment bed evolution and solid
transport in the selected domain.
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2.1 Hydrodynamic equations
The expressions used to characterize two-dimensional hydraulic
ﬂow are the shallow water equations obtained from the Navier–




































The friction slopes are related to the velocity ﬁeld by means of
empirical formulas, in this case using the one that introduces the
Manning coefﬁcient.
2.2 Sediment transport equations
The numerical model proposed here is a two-dimensional model
to calculate the bedload transport of granular sediment. The
fundamental equations related to this ﬁeld are the sediment con-
tinuity equation and the empirical expressions of solid discharge.
The sediment continuity equation was originally formulated by








+ ws(Es − cb) = 0 (3)
The sediment transport formulas introduced into the numerical
model—which are the ones used in the experimental validation—
are detailed below. This validation is adjusted to the following
characteristics: predominance of bedload transport, median sedi-
ment size roughly 1mm, geometric slopes under oneper thousand
and liquid discharges of less than 0.1m3/s. The accuracy and
applicability of these equations are detailed in published works,
such as Williams and Julien (1989), Yang and Wan (1991),
Raudkivi (1998) and Chien and Wan (1999):
(a) Meyer-Peter and Müller (1948):
qb√
(G − 1)gd3i
= 8(τ∗b − τ∗c )1.5 (4)
(b) Einstein (1950):






if τ∗b < 0.18
qb = wsdi 40(τ∗b )3 if 0.18τ∗b < 0.52 (5)












(G − 1)gd3i (6)
(d) Van Rijn (1993):
qb = 0.053(G − 1)0.5g0.5d1.5i d−0.3∗ τ∗2.1ef if τ∗ef < 0.3
qb = 0.1(G − 1)0.5g0.5d1.5i d−0.3∗ τ1.5ef if τ∗ef > 0.3
3 Two-dimensional numerical model
This section presents the two-dimensional numerical model pro-
posed to solve the fundamental equations outlined above, using
the ﬁnite volume method. The model itself is not the main topic
of this paper, but some information about it is provided to show
its reliability.
To apply this method, we have started from a prior discretiza-
tion of the domain in triangles for the purpose of calculating the
solution in a series of nodes resulting from such a division. The
deﬁnition of the ﬁnite volumes based on these triangles may be
arrived at in different ways. Here we used the ones known as
cell vertex which are obtained by making the nodes of the ﬁnite
volume mesh coincide with the vertices of the previous trian-
gle mesh (Godlewski and Raviart, 1996). Around each vertex,
named I, cells are constructed, so that the boundary of cell Ci is
obtained by joining the centres of the triangles having I as the
vertex with themean points of the edges coinciding at I. The ﬁnal
nodes in which the fundamental equations will be solved are thus
representative of a speciﬁc ﬁnite volume which surrounds it.
This method of obtaining ﬁnite volumes (Fig. 1) has given
good results in earlier investigations by the research team towhich
the authors of this paper belong (Peña et al., 2002).
3.1 Resolution of the shallow water equations
The methodology involved in calculating through the ﬁnite vol-
ume method is presented below, ﬁrst applied to the shallow water
equations. These equations allow us to obtain the depth and the
two components of the velocity vector in plane view, as presented
here in conservative form:
∂w
∂t


















Figure 1 Construction of the ﬁnite volumes





































To resolve Eq. (7) the ﬁnite volume method is presented and
then developed. First, we divide the domain  into a set of ﬁnite
volumes Ci and integrate over them. The exact solution is arrived
at by means of values Wn, which are constant for each cell and
time step (tn = n · t). The discretization of the time variable is








We apply the divergence theorem to the second addend of expres-
sion (Eq. (7)), calledﬂux term, converting the surface integral into
a boundary integral over i, boundary of cellCi. Moreover, if we
decompose the integral in the contour as the sum of the integrals
over the edges, the result would be:∫
1




(Wn) · η¯ijdl (9)
where η¯ij is the normal vector outwards of edge ij (i referring
to the analysed node, j to the opposite one), dl is the length
differential of the contour of the cell and Ki the set of nodes
adjacent to node I.
This termwasdevelopedbyusing aﬁrst-order upwind scheme.
The term upwind refers to the fact that spatial discretization uses
the values of the variables of the points where the information
originates, thus guaranteeing the absence of ﬂuctuations and the
convergence of the solution. Centred schemes were not used,
as they are considered to be unstable. The upwind schemes,
however, have been clearly recommended for use in this type
of analysis (Toro, 1997). Lastly, we developed the above term
by means of a function φ(Wni ,Wnj , η¯ij) called discrete ﬂux, as
presented below:∫
ij
(Wn(x, y)) · η¯ijdl ≈‖ η¯ij ‖ φ(Wni ,Wnj , η¯ij) (10)
Several methods may be used to deﬁne discrete ﬂux function.
In this numerical model Van Leer’s Q-schemes have been used
(Harten et al., 1983), in the form presented in Bermúdez et al.
(1998). These schemes contain a centred term as well as another
term which contributes with an upwinding that ensures the con-
vergence of themodel. To avoid this termbeing cancelled out, and
convergence lost, the regularization of the eigenvalues proposed
by Harten (1984) has been carried out.
The third addend of Eq. (7) corresponds to the source term.
For this addend, the interest of upwinding has been analysed by
LeVeque and Yee (1990) and Vázquez-Cendón (1999), among
others. In this case it is approached through a discrete source















where Tij are the sub-cells into which each ﬁnite volume is
divided, ATij is the area of each sub-cell Tij and
nij is the discrete
source function.
The paper presented by García-Navarro andVázquez-Cendón
(2000) recommends the use of a discrete source functionwith two
terms: one that takes into account the geometric slope between
each node and those surrounding it, and another one called the
friction term.
In the application of the boundary conditions for the discrete
ﬂux function, we assume that the value in the opposite node is
the same as in the boundary node, which is equivalent to not
upwinding the ﬂux. In the source term, as the edges have a null
area, the contributions from the boundary were not considered
for this term.
Finally, we obtained the vector of the variables at instant tn+1
through a forward discretization in the time variable and twoother
off-centred spatial discretizations for the terms ﬂux and source,
evaluated at instant tn. In this way Eq. (7) is reduced to:










‖ η¯ij ‖ φij
⎞
⎠ (12)
The above equation provides an explicit iterative method over
time, making it possible to calculate the depth and ﬂow per unit
width in two dimensions along all the points of the domain, based
on the values shown in the previous instant, in the same node I
and in nodes J which surround it (J ∈ Ki).
3.2 Resolution of the sediment transport equations
The two-dimensional model that evaluates sediment transport
works in conjunction with the hydrodynamic block, although
uncoupled from it. The domain in which the fundamental equa-
tions are resolved, after beingpreviously discretized into triangles
and later into ﬁnite volumes, is exactly the same in both cases.
The morphological part of the model uses the hydrodynam-
ics obtained previously, thus making it possible to know the
depth and the two horizontal components in plane view of
the velocity vector. With these data we are able to calculate the
sediment bed variation in the domain nodes and the sediment vol-
umes exchanged between some ﬁnite volumes and others. The
sediment is granular and uniform at all points.
The ﬁnite volume method is used to integrate the sediment
continuity equation by ﬁrst multiplying the terms by the area of
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each ﬁnite volume. Assuming the porosity to be constant, apply-
ing Euler’s method for time discretization and the divergence








q¯b · d¯l + (ws · (Es − cb)) · Ai = 0
(13)
The integral of the line is developed as an addend along the
boundary, calculating the contributions from each side by using
the sub-totals of the solid discharges of the node analysed and
those surrounding it. In this part of the numerical model upwind
schemes are also implemented. The ﬁnal expression for the
calculation of the sediment bed elevation is as follows:










+ (ws · (Es − c¯b))
]
(14)
The formulations of the solid discharge have been introduced into
this block of the numerical model, which allowed us to choose
between the four options presented previously. Here we may also
remark that the previous equation provides an explicit iterative
method in time, which has enabled us to obtain the value of the
sediment bed evolution at each node I, on the basis of the values
of the variables at the previous instant of each node and those
surrounding it.
3.3 Coupling of both model blocks
The numerical model presented consists of several subpro-
grammes through which the domain, original conditions and
boundary conditions are deﬁned. Other parameters that should
be introduced are porosity, median sediment size, the maximum
erosion levels at each node and the bedload transport formula to
be used. The maximum run time is provided externally, although
the programme stops the calculation if a dynamic equilibrium is
reached between the hydrodynamic conditions and the morphol-
ogy of the domain, that is to say when there is no erosion from
or deposition on the sediment bed (i.e. the existing shear stress
is smaller than critical shear stress).
One of the main advantages of the numerical model is its abil-
ity to facilitate the interaction between the two blocks quickly and
simply within the same code. The run process of the model and
the coupling between the two parts of themodel is as follows. Ini-
tially, the depth and the two components of the velocity vector are
obtained until convergence is reached in these variables (10−6 m
for depth, 10−6 m/s for velocities). Then the values obtained are
transferred to the morphological block.
In the morphological block, sediment transport is calculated
at all the points of the domain until one of the nodes reaches a
signiﬁcant variation in the elevation of the bed (i.e. three times
greater than the median sediment size). This datum may be easily
modiﬁed by the user in the main code. Once this value has been
reached, the model returns to the hydrodynamic block to recal-
culate the depth and velocity. Once again, at this point, when
convergence has been reached in the hydraulic part, it returns
to the morphological block, and so on. This process may go on
indeﬁnitely if the conditions are appropriate, or it may, on the
other hand, halt at a particular instant. In any case, a maximum
bed erosion height may be deﬁned by the user.
The general stability of the model has been introduced using
Courant condition. In the numerical model put forth here, two
possibilities were raised to analyse convergence, both based on
the existing velocities but using different geometric variables.
The ﬁrst method carries out a search for the minimum time
intervalwhichwould be compatiblewith stability at all points and
ﬁnite volumes of the domain by means of the distance between
these points. The second method uses the quotient between





Pe · (V + cw)
)
(15)
This second method has been applied to obtain the necessary
convergence. This time interval, which fulﬁls Courant condition,
is used on both the hydrodynamic and morphological block of
the numerical model.
4 Experimental tools: Application of the 3D-Scanner
The evolution of the sediment bed was recorded with a 3D-
laser scanner, which has yielded excellent results to date in
the sediment transport ﬁeld in the mid-plane of the laser beam
emitted.
The operating principle of this 3D-scanner is known as active
triangulation. A plane of laser light is projected on to the object
to be scanned. The intersection with its surface is a planar curve
called the stripe. From the angle under which a camera observes
this stripe, its position in space can be obtained by triangula-
tion. We can acquire multiple, adjacent proﬁles by sweeping the
stripe across the object, and repeat the computation for each rel-
ative position of the stripe and object. One of the most striking
aspects of this technique in terms of its application to the ﬁeld of
hydraulics is its non-intrusive nature.
The equipment used (Fig. 2) in this research consisted of a
wand with a laser transmitter and two cameras, a unit of refer-
ence of its position in space and a computer numerical control
positioning machine (CNC frame), so that it can be driven along
an axis.
The equipment was installed in the 15-m long channel of the
Hydraulics Laboratory of the Civil Engineering School of the
University of A Coruña (Spain), and measured bed elevation
within a 0.5 × 0.5m2 section (Fig. 3).
Figure 4 and the equations shown below describe the basic
geometry for an active triangulation, whereO is the optical centre
of the lens and M is the point on the surface whose coordinates
are to be measured.
Heights z can be determined from the angle θ at which the
camera views the projected laser beam and the distance c from the
optical centre of the camera lens and the beam. This angle θ can
be determined from α, a geometrical constant of the equipment,
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Figure 2 Laser beam emitted by the 3D-scanner
Figure 3 Location of 3D-scanner (instrument, reference unit and CNC
frame) and PIV
and β measured in the image plane of the camera, as a function
of its focal length.
Thus, once the distance c is known, we can write for the xz
plane the following expressions:
θ = π
2




These coordinates of points in the acquisition stage are calculated
on axes (x, y, z) relative to the wand. The absolute coordinates
(X, Y,Z) are obtained by means of the spatial position of this
wand. A ﬁxed object acting as a reference emits three elec-
tromagnetic (ECM) ﬁelds through three perpendicular coils. A
receptor ﬁxed to the wand has also three perpendicular coils. By
means of the intensity ﬂowing through these coils, the position
of the wand is determined. The resulting digitized sediment sur-
face measurements must be corrected because the incident and
reﬂected rays are refracted when they pass from air to water and
vice versa.
Figure 4 Laser beam, object and variables involved
Figure 5 Effect of refraction on a plane bottom
4.1 Plane bed tests
The initial series of tests were developed to estimate the effect of
refraction on the measurements of the plane bottom proﬁles of
the channel at different depths.
The objective was to obtain a relationship between the depth
and bottom elevation, recording in real-time depths and scanning
with the 3D-scanner. Figure 5 shows a diagram of the variables
involved in the refraction process.
The incident angle under which the camera views the inter-
section of the laser beam and the channel bottom is no longer θi,
changing to the angle of refraction θr.
The relations of the variables of Fig. 5 are as follows:
(d − h) · tan(θi) + h · tan(θr) = c (18)
(d − r) · tan(θi) = c (19)
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where d is the vertical distance between the optical centre of the
camera and the channel bottom, h is the depth, r is the virtual
elevation of the bottom of the channel.
Introducing a value of 1.333 as the rate of refractive index
between air (ni) and water (nr), Eq. (18) becomes:








The virtual elevation r can be calculated now in terms of an
incident angle for each depth with known values of c and d:
r = d − c
tan θi
(21)
The analysis was focused on the central line of the surface which
suffers no refraction in the xy plane. Four scans of channel bot-
tom were made with different depths and statistical analysis was
carried out. Figure 6 shows the results of elevation r calculated
and plotted for each depth h, of these four bottom scans in terms
of its average. Figure 6 also includes the comparison of experi-
mental and theoretical results, from Eqs. (20) and (21) for values
of c = 250mm and d = 790mm.
The values of the position of the optical centre of the lens (c
and d) were estimated from the manufacturer’s speciﬁcations.
The results show a linear curve (r2 = 0.99975) in the whole
range of experimentation covered by the 3D-scanner.
4.2 Tests with an irregular pattern
To gainmore insight into the study of refraction and how it relates
to depth, in the second series of tests we introduced an irregular
element as a pattern to represent its proﬁle at different depths.
In this case the analysis aimed to relate the real existing ele-
vation (zr) to the virtual elevation recorded after subtracting the
virtual bottom elevation obtained in the previous calibration test
(zv). The refraction diagram and the elements involved in these
tests are shown in Fig. 7.
The representative equations are now:
(d − h) · tan(θi) + (h − zr) · tan(θr) = c (22)
(d − zm) · tan(θi) = c (23)















Figure 6 Theoretical–experimental comparison of the virtual elevation
of the bed and depth. Plane bed test














Figure 8 Experimental relationship between real and virtual elevation
In Fig. 8 we present the experimental results of the virtual and the
real elevations. This tendency matches the theoretical analysis of
the variables.
The initial conclusion is the deviation of the results from the
bisectrix (zv = zr), reﬂecting the effect of refraction on the mea-
surements taken. The most important result was found in the
linear relationships obtained with high correlations (values of r2
ranging from 0.9977 to 0.9992).
Figure 9 presents the deviations of the virtual elevations cor-
responding to each depth relative to its regression line. Although
the estimation of uncertainty is detailed in the following sec-
tion, in this series of tests the measurement error is generally
below 1mm.
4.3 Accuracy of 3D-scanner
The previous results show the suitability of the 3D-scanner in the
reproduction of real and virtual elevations. Figures 6 and 8 show
two linear relationships among the fundamental variables of the














Figure 9 Deviations of the measurements of the pattern proﬁle relative
to the regression lines with different depths
two test series:
r = C1 · h (25)
zv = C2(h) · zr (26)
Equation (26) maintains the linear form since, while the value of
C2 depends on depth h, as it can be seen in Fig. 8, it will remain
constant or quasi stationary throughout the experiments. This is
why it has been considered as such.
To summarize the procedure, we must point out that for a
speciﬁc conﬁguration of the instrument with a pre-set elevation
from the channel bottom, the calibration constants C1 and C2
are determined through a series of previous tests. So, for each
subsequent test under unsteady conditions, the 3D-scanner will
measure the distances to the surface of the pattern or sediment
bed, whichmay be converted into real elevations over the channel










Moreover, the overall accuracy and resolution are determined by
the precision of the 3D-scanner established at 0.5mm, the mag-
nitude and accuracy of the measurement of the constants and the
accuracy of the depth measurement, which also has a value equal
to 0.5mm. Constants C1 and C2 are obtained statistically with a
correlation of around one (r2 = 0.9998 for C1, and r2 = 0.9977
for C2), and their absolute values in the tests are 0.2694 and
0.7385, corresponding to the slopes of Figs. 6 and 8, respectively.
After carryingout an error analysis inEq. (27), and introducing
the values obtained during the calibration, we arrive at the global






= 1.354 · zm + 0.365 · h = 0.860 (28)
wherezm is the error in the 3D-scanner measurement (0.5mm),
and h the error in the depth measurement (0.5mm).
Table 1 Experimental tests to compare the experimental tools
and validate the numerical model
Q(m3/s) Slope (%) Sand thickness (m)
Test I 0.020 0
Test II 0.030 0 0.12
Test III 0.022 0.052 0.045
Test IV 0.010 (0–30min) 0.055 0.05
0.020 (30–60min)
0.030 (60–75min)
5 Experimental validation and calibration of the
numerical model
The numerical model presented here has been validated experi-
mentally in the same channel presented in the preceding section,
where we installed the instruments used to record the velocity
ﬁelds and sediment bed proﬁles.
5.1 Validation planning
The fundamental objective of this section is the validation of
the numerical model with the application of laser technologies
as tools to measure the variables involved. To do this, a plan
was designed to the attainment of the partial results, as we will
comment on below.
The tests developed have been summarized in Table 1. The
experimental validation of the numerical model proposed here
is developed by working exclusively with bedload transport and
uniform granular sediment with a median sediment size of 1mm.
In the tests carried out there was no additional sediment load in
any section of the channel (clean water tests) and a plane bed was
maintained at all times.
The ﬁrst part of the established plan dealt with the calibra-
tion of the instruments used in the tests, including a comparison
between the measurements obtained for the same variable using
different tools (Tests I and II). Test I was developed to analyse
PIV records of the velocity proﬁles in the vicinity of a weir. In
Test II, a layer of sediment was introduced upstream with the
same height as the weir, and erosion processes and the accumu-
lation of sediments upstream of the weir were analysed using
PIV to measure water velocities and the 3D-scanner to measure
the sediment bed. In this series the slope was kept at a horizontal
level and bedload transport only occurred, as in all tests, until a
ﬁnal equilibrium proﬁle was reached (Fig. 10).
The second part of the studywas carried out to demonstrate the
proper behaviour of the numerical model, by comparing exper-
imental and numerical results. First, there is a detailed analysis
Figure 10 Diagramof theweir and ﬁll layer. Crest ofweir in section 8.3.
Test II
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of the records and the evolution of the mean longitudinal pro-
ﬁle of the sediment bed in the channel, carried out in the middle
of the channel bed, to shed light on the evolution of the points
showing the greatest signs of erosion. This study allowed us to
compare different sediment transport equations implemented in
the numerical model. In order to achieve this speciﬁc objec-
tive, a test was developed, among others, involving a constant
ﬂow circulating over a layer of sediment which gradually eroded
(Test III).
In Test III the sediment was placed in the central part of the
channel, between 4.5 and 9m from its upstream end. The bedload
transport was slow and symmetrical over the width of the chan-
nel so that the total progression of the material was 3.15m. The
ﬁnal thickness of the layer amounted to roughly 0.03m over the
entire length, except in a small, transitional zone around the ends.
The ﬁeld analysed with the instruments covered the points corre-
sponding to the interval between 7.63 and 8.23m, well-centred
and far enough away from the edges of the layer of sand.
Later the results of the proﬁles transverse to the predominant
direction of ﬂow were analysed, as a part of the experimental
analysis and validation of the two-dimensional behaviour of the
ﬂow.
Lastly, the record of velocities and the comparison with those
found using the numerical model, helped us to determine the time
evolution of the velocity proﬁles, the shear stresses obtained from
them and ﬁnally the sediment bed proﬁle. Test IV was devel-
oped with the speciﬁc objective of reﬂecting the accuracy of the
numerical model in unsteady conditions with a variable ﬂow. In
this way the circulating ﬂow in this test was 0.010m3/s in the
ﬁrst 30min, 0.020m3/s in the next 30min, and 0.030m3/s until
minute 75, at which time the test was stopped artiﬁcially. In this
case the channel slope was ﬁxed at value of 0.055%, and the
sediment was placed at an interval of lengths of 4.5–8.5m, with
a thickness of the aggregate layer of 0.05m.
5.2 Calibration of the instruments and a comparison
of the results
The velocities were measured by means of PIV which allows the
recording of the hydrodynamic ﬁeld in unsteady ﬂow.
Although it was initially thought that the precision of PIV
systems was limited to the pixel dimension, the introduction of
sub-pixel interpolation algorithms (Willert and Gharib, 1991)
has improved it substantially. PIV with sub-pixel accuracy has a
widely accepted accuracy of 0.1 pixel.Westerweel (2000) studies
yield a theoretical limit of 0.02 pixels under ideal circumstances.
In a practical situation, with particles of different diameters and
not regularly illuminated, the accuracy is reduced to a range
between 0.05 and 0.1 pixels. Our LaVision Flowmaster III sys-
tem has two cameras with 1280 × 1024 CCDs. Tracer location
precision is about 1/10000 the viewed area in physical units. For
an area 40 cm wide, we have a precision in the distance scale of
40μm. The evolution of the sediment bed was also recorded with
the 3D laser scanner presented before.
A key aspect in the measurement of all the variables involved
was the automation of the instruments, which made it possible
to record, on a continuous and joint basis, all the most important
parameters in the zones of greatest interest, as it can be seen in
Fig. 3.
In the ﬁrst experimental phase, Tests I and II were developed
to calibrate the instruments used and to be able to compare the
results obtained at similar points. The results of Test I are pre-
sented in Fig. 11, showing the bottom of the channel, the shape
of the weir and the velocity ﬁeld upstream of the weir.
Figure 12 displays the results of Test II, with the evolution
of the sediment bed. The measurements were taken by means of
PIV and a 3D-scanner in the middle section of the area closest to
the weir, to obtain the evolution of the variables in this area.
The ﬁgure shows a great similarity between the results
obtained with both tools, with an initial reduction in the most
pronounced heights in the area near the weir, then progressing
over time to the ﬁnal proﬁle (Fig. 13).
Therefore calibration was continued with Test III to obtain
new results to compare (Fig. 14), with the sediment bed proﬁle
obtained experimentally by means of the PIV technique and 3D-
scanner in the middle section of the channel. The bed elevations
are shown using the channel bottom as a reference.
Once again, we found that two instruments gave a similar
reading on the bed proﬁle. The most important conclusion to
be drawn in this section is that very little difference was found
between the measurements taken with the PIV technique and






















Figure 12 Time evolution of the longitudinal bed proﬁle. Test II
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Figure 14 Time evolution of the longitudinal bed proﬁle. Test III
the 3D-scanner, which allows us to compare in real time and in
unsteady conditions—and with a high degree of accuracy—the
results of these two experimental tools with those obtained using
the numerical model. The use of the 3D-scanner out of the mid-
plane supplements the information obtained with PIV, although
the extension to the 3D measurement of the sediment bed proﬁle
with this instrument is still in the developmental stage.
5.3 Experimental results and a comparison with the
numerical model
This section presents the results of the tests conducted for the
experimental validation of the numericalmodel. The schemeused
was to present this validation through the achievement of a series
of partial goals, which are necessary to demonstrate the proper
functioning of both blocks of the two-dimensional model.
5.3.1 Longitudinal proﬁle in the mid-plane
In this part we compare the results of the numerical model with
those obtained inTest III. Since it was impossible to take themea-
surements at all points with the PIV technique and 3D-scanner,
the bottom proﬁle along the entire channel was measured with
conventional methods.
In the numerical model the ﬁnite volume mesh was obtained
by means of a previous discretization of the channel into 1057
nodes and 1800 triangles with a separation of 83.3mm in the

































Figure 16 Comparison of the longitudinal bed proﬁle. T = 20minutes.
Test III
Figure 15 shows the sediment bed evolution obtained from its
mean longitudinal section with the numerical model. The solid
discharges were calculated here by means of Meyer-Peter and
Muller’s bedload transport formula with a porosity value equal
to 0.4, which remained constant in all the runs.
This ﬁrst result shows that the numericalmodel behaveswell in
the longitudinal analysis along the entire channel, and that it gives
an accurate picture of the process of sediment drag and deposition
in zones that were not previously covered with aggregate.
In Test III we also applied the laser technologies to centre the
monitoring of the bottomproﬁle on the central part of the channel,
taking advantage of the potential of the PIV technique and 3D-
scanner to record the fundamental variables. Thus, the results
in the central part were compared with those obtained execut-
ing the numerical model with the four solid transport equations
implemented in the model.
Figure 16 shows the ﬁrst comparison carried out between the
numerical model, PIV and the 3D-scanner, reﬂecting the longi-
tudinal proﬁle obtained in the central zone and mid-section of
the laboratory channel, at minute 20. The ﬁgure legend gives the
abbreviations of the bedload transport formulas with the follow-
ing nomenclature: MPM (Meyer-Peter andMüller), EB (Einstein
& Brown), NI (Nielsen), VRIJ (Van Rijn). The ﬁrst evaluation of
the results—which is repeated in a similar fashion throughout the
entire experimental validation of the numerical model—is that all
the formulas present an accurate representation of the sediment
bed measured with the instruments. As in the previous result,
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Table 2 RMS error of the results with respect to
the measurements taken with PIV. Test III
RMS error (mm)
Meyer-Peter & Müller 0.226




which reﬂected the proper monitoring of the bed proﬁle along
the entire channel, this new test veriﬁes the accuracy reached at
speciﬁc points such as the central part of the channel, particu-
larly the calculations that involve the transport of granular bed
sediments. Moreover, this test allows us to compare the sediment
transport formulas introduced in the model and to calculate the
differences found between them.
Table 2 shows the root mean square error (RMS) obtained
with the numerical model and the 3D-scanner with respect to the




n · (n − 1) (29)
where n is the number of measurements (number of cross
sections).
The RMS errors obtained make it possible to validate the
suitability of the formulas used in the test. The Meyer-Peter &
Muller’s formula was the one that best ﬁtted the results recorded
with the instruments. Van Rijn’s expression also contributed the
highest solid discharge values, which means that there is greater
erosion in the entire domain, followed on this scale by Nielsen’s
formula. Lastly, Einstein & Brown’s was the one that produced
the least amount of erosion on the layer of sand placed in the cen-
tral zone of the experimental channel. These evaluations may be
extended, except in the case of very speciﬁc points and instants
in time, to all the other tests conducted for the experimental
validation of the numerical model.
The experimental and numerical datawere also comparedwith
the results of Test II, regarding to the evolution of the longitudinal
proﬁle of the sediment bed. The ﬁnite volume mesh was obtained
with a cross and lengthwise separation of 83.3 and 100mms,
respectively, which resulted in a total of 588 nodes.
Figure 17 and Table 3 show the results obtained at minute
30 working with PIV, the 3D-scanner and the numerical model
implementing the four bedload transport formulas.
The results obtained are considered to be acceptable in the
entire analysed domain, especially at the points farthest away
from the area of the weir. The last two sections, which corre-
spond to a distance of roughly 0.2m in relation to the edge of
the weir, show the greatest error in determining the bed proﬁle.
However, in the worst case, this error does not exceed 3mm,
therefore this phenomenon is considered to be properly repre-
sented. The previous analysis on the different transport formulas
















Figure 17 Comparison of the longitudinal bed proﬁle. T = 30minutes.
Test II
Table 3 RMS error of the results with respect to the
measurements taken with PIV. Test II
RMS error (mm)
Meyer-Peter & Müller 0.577




















Figure 18 Time evolution of the transverse sediment bed in the cross
section. Test III
5.3.2 Transversal proﬁles
In addition, it was necessary to validate that the two-dimensional
numerical model properly represented the increased erosion that
takes place in the central part of the channel as compared to the
erosion along the sides. In order to achieve this objective, Test III
was chosen to compare the experimental and numerical results.
Figure 18 presents the results obtained in test using the numer-
ical model with the Meyer-Peter & Muller’s formula. Figure 18
shows that the greatest erosion rate in the central area of the
cross section occurs during the initial stages of the experiment.
We have included the results obtained in the section located 8.2m
upstream of the channel, using both the 3D-scanner as well as
two tests with PIV, the ﬁrst using the measurements in the mid-
channel section and the second situating the measurement plane
0.10m from the edge.
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Table 4 Comparison of the depth-averaged ﬂow velocity.
Test IV





This ﬁgure shows the proper functioning of the numerical
model in the cross section analysis as well, which reﬂects the
two-dimensional behaviour in the channel.
5.3.3 Time evolution of the velocity ﬁeld
This section presents the experimental tests conducted on behalf
of the validation of the numerical model, as regards the velocity
proﬁles and their evolution over time.
The ﬁrst results have been used to compare the depth-averaged
ﬂow velocity obtained with the numerical model and the velocity
proﬁles recorded with the PIV technique in Test III, in the middle
section of the channel at minute 10 (Table 4).
The numerical model was also compared in unsteady condi-
tions with variable ﬂow, through the comparison of the results
with Test IV. Measurements of both velocities and bed proﬁle
were carried out only with the PIV technique. Another important
aspect in the experimental validation of the numerical model—
which prompted this test—was to check that the experimental
results and the run with the numerical model coincided at each
instant. In the 5min subsequent to the introductionof the newﬂow
conditions, continuous interactions were carried out between the
hydrodynamic block and the morphological block, in order to
reﬂect their suitability to these conditions. Figure 19 presents the
evolution in time of the depth-averaged ﬂow velocity obtained in
the section located 8.0m upstream of the channel with the PIV
technique and with the numerical model.
It can be also noted that the greatest differences between the
numerical model and the experiment occurred during the ﬁrst
instants of the introductions of the new ﬂows. However, the














Figure 19 Comparison of the time evolution of the depth-averaged ﬂow
velocity. Test IV
Table 5 Comparison of the depth-averaged ﬂow velocity. Test II






the ﬂow contributions and the reduction of the velocity in each
stretch, as the sediment bed erodes.
The third comparisonwith velocities presentedwas carried out
with the results of Test II in the vicinity of the weir, as indicated
earlier. One of the main reasons for developing this test was the
variability in the velocity proﬁle in the zone just before the crest
of the weir, caused by the evolution of the bottom elevation. As
the numerical model is only able to determine the depth-averaged
ﬂowvelocity (Table 5), themain objective of this comparisonwas
to analyse the applicability of the numerical model in situations
where the ﬂow is obstructed and there are variations in the veloc-
ity proﬁle. The results obtained are presented in the nodes that
are compatible with the experimentation and the ﬁnite volume
mesh at minute 20.
The results show the proper application of the numericalmodel
in the case studied here, which produced values very similar to the
depth-averaged ﬂow velocity. In the proﬁles nearest to the weir,
therewas an increase in the vertical component of velocity, which
produced a greater difference between the results obtained. The
previous analysis was repeated at different time intervals of the
same simulation and the experimental test, resulting in similar
comparisons to the above, conﬁrming the lack of accuracy of the
depth-averaged numerical model in that speciﬁc location.
5.3.4 Time evolution of the sediment bed proﬁle
This last section offers a comparison between the results of the
numerical model and the experimentation related to the temporal
analysis of the evolution of a sediment bed.
As discussed earlier, the ﬁles obtained from themeasurements
with the PIV technique contain results of the two components of
velocity and the point at which they were recorded. By focusing
the study on a speciﬁc section of the channel, it is possible to
obtain the time evolution of the velocity proﬁle corresponding to
this section. This enabled us to take advantage of the test results
with a constant ﬂow (Test III) for the experimental determination
of two fundamental variables such as the shear velocity or the
shear stress. In a rough turbulent ﬂow regime, the shear velocity












After carrying out a least squares regression analysis with the
experimental data, it is possible to calculate the shear velocity
value in each section and at the selected time interval. In addi-
tion, the temporal analysis of the shear velocity is directly related
to that of the boundary shear stresses. A comparison of these
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Figure 20 Time evolution of the shear velocity (m/s) and the bed proﬁle

















Figure 21 Time evolution of the bed proﬁle. Test IV
parameters with the critical shear velocity or the critical shear
stress helps to shed light on the extent of the erosion of the exist-
ingmaterial and the evolution towards a possible bed equilibrium
proﬁle.
Figure 20 depicts the time evolution of the shear velocity and
the elevations of the bottom measured with PIV. Also included
is a drawing of the critical shear velocity which was obtained
through Shields expression from the beginning of the movement
corresponding to coarse sand 1mm inmedian sediment size, with
a value of 0.0216m/s (Julien, 1995).
This study applied to Test III has allowed us to analyse the
evolutionof the sediment transport through the velocityﬁeldmea-
surements. Thus we have been able to conﬁrm that in the ﬁrst part
of the experiment there is a considerablemobilization ofmaterial.
Around minute 40, the sediment bed tends to stabilize, which is
also recorded in the trend seen in the shear velocities. However
the material drag still occurs which is substantially diminished in
the following time intervals, stopping around minute 240. At this
instant, the shear ﬂow velocities calculated are roughly equal to
the critical shear velocity.
The last comparison in this section refers to Test IV. The
results obtained from the sediment bed elevations using the PIV
technique and the numericalmodel (withMeyer-Peter&Muller’s
formula) have allowed us to analyse the comparison of the time
evolution of the bed proﬁle, carried out in the following graph in
the section located 7.9m upstream from the channel.
Figure 21 shows the continuous decrease in the thickness in
the sediment layer, with a speciﬁc rise in the sediment bed eleva-
tion during the ﬁrst few minutes of circulation of the third ﬂow
introduced.
The comparison has made it possible to validate the numerical
model with the variable ﬂow test, and the correct monitoring of
the bed proﬁle and its evolution.
6 Conclusions
Themain conclusions presented in this paper are the experimental
validation of a two-dimensional depth-averaged numericalmodel
with sediment transport and the application of a 3D-scanner to
measure the sediment bed evolution.
The numerical model calculates hydrodynamics and bedload
transport with uniform granular sediment in unsteady ﬂow using
the ﬁnite volume method. This numerical model implements
upwind schemes to guarantee the convergence and stability in
the hydrodynamic and morphological blocks, which operate in
an uncoupled fashion in the same run.
The results obtainedwith the numericalmodel have been com-
pared with those taken from two laser technologies, PIV and a
scanner, which records the centre line of an underwater sedi-
ment bed surface. To prove the applicability of this scanner in
sediment transport processes, a series of tests were developed to
quantify the effect of refraction on the incident laser beam.A lin-
ear relationship was obtained between the real elevations of the
points of an object and the virtual elevations recorded with
the 3D-scanner, for different depths. The resolution attained in all
the measurements was less than 1mm, which reﬂects the ability
of this instrument to solve sediment bed elevations accurately and
nonintrusively.
The experimental validation of the numerical model was car-
ried out by setting up a series of tests for each speciﬁc objective,
with bedload transport and uniform granular sediment 1 mm in
size. The comparison between the computational and experimen-
tal data shows that the numerical model accurately reproduced
the longitudinal and transversal proﬁles of the sediment bed, as
well as the velocity ﬁelds, in tests with both constant and variable
ﬂows, showing the proper coupling between the hydrodynamic
and morphological subroutines.
The results presented here are intended to demonstrate the use-
fulness of new experimental technologies in sediment transport
for validating a numerical model and to advance the application
of laser technologies in experimental hydraulics.
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Notation
Ai = Area of each ﬁnite volume
c¯b = Average concentration of suspended sediment on
the bed
di = Representative sediment size











= relative density of sediment and ﬂuid
h = Flow depth
Pe = Perimeter of the cell of the ﬁnite volumes
p0 = Porosity
qb = Bedload discharge
Rh = Hydraulic radius
Sf = Friction slope
S0 = Geometric slope
t = Time
θi = Angle of incidence between the laser beam and
the camera lens in the 3D-scanner
θr = Angle of refraction between the laser beam and
the camera lens in the 3D-scanner
τb = Boundary shear stress
τ∗b = Dimensionless shear stress or Shields parameter





)2.1 = effective dimensionless shear
stress
u∗ = Shear velocity
(u, v) = Mean values of the components in plane view of
the velocity vector
V = Depth-averaged ﬂow velocity
ws = Fall velocity
(x, y, z) = System of Cartesian coordinates (x, y plane par-
allel to the bottom, z the direction perpendicular
to the bottom)
Zb = Sediment bed elevation
zr = Real elevations from the bottom (3D-scanner)
zm = Elevations measured with the 3D-scanner
zv = Relative elevations of the bottom with the 3D-
scanner after subtracting elevation of the bottom
of the channel as an offset
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